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Abstract
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Breast cancer remains a leading cause of cancer-related mortality among women worldwide, highlighting the need for innovative 
and effective treatment strategies. This review explores advancements in nano-engineered therapeutics aimed at precisely targeting 
breast cancer cells while overcoming the limitations of conventional therapies. We discuss the heterogeneity of breast tumors, 
the challenges posed by the tumor microenvironment, and the advantages of utilizing nanoparticles for drug delivery. Recent 
breakthroughs in nanomedicine, including developing liposomal formulations, polymeric nanoparticles, and gold nanoparticles for 
photothermal therapy, are examined. Additionally, we address the critical imitations of nano-engineered therapeutics, including 
formulation complexities and regulatory hurdles. By providing a comprehensive overview of the current landscape and future 
directions in breast cancer treatment, this review is valuable resource for researchers and clinicians seeking to improve patient 
outcomes.
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Abbreviations

ER: Estrogen Receptors; PR: Progesterone Receptors; SERMs: 
Selective Estrogen Receptor Modulators; TME: Tumor 
Microenvironment; ECM: Extracellular Matrix (ECM); TNBC: 
Triple-Negative Breast Cancer; EPR: Enhanced Permeability and 
Retention; RES: Reticuloendothelial System; PTT: Photothermal 
Therapy; NIR: Near-Infrared; HER2: Human Epidermal Growth 
Factor Receptor 2

Introduction

Breast cancer remains one of the most prevalent malignancies 
among women globally, accounting for approximately 25% 
of all cancer cases and a significant portion of cancer-related 
deaths [1]. The complexity of breast cancer is underscored by its 
heterogeneous nature, characterized by various subtypes that differ 
in molecular profiles, clinical behavior, and responses to treatment. 

http://actascientific.com/ASMS/pdf/ASMS-08-1979.pdf


Figure 1: Estimated breast cancer incidence and mortality rate 
worldwide (2020). (A) Estimated number of new cases of  

different cancers in females in 2020. (B) Estimated number of 
deaths from various cancer types in females in 2020. (C) The  
estimated increase in breast cancer cases from 2020 to 2040 

(2).
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The most common subtypes include hormone receptor-positive, 
human epidermal growth factor receptor (HER2)-positive, and 
triple-negative breast cancer, each presenting unique challenges in 
management and therapeutic strategies.

are often treated with hormone therapies such as selective 
estrogen receptor modulators (SERMs) and aromatase inhibitors, 
which target hormone signaling pathways. Conversely, hormone 
receptor-negative tumors do not respond to these treatments 
and typically require alternative therapeutic strategies, such as 
chemotherapy or targeted therapies [4]. The receptor status of a 
tumor influences its growth dynamics, metastatic potential, and 
response to treatment.

Tumor microenvironment (TME)

The tumor microenvironment (TME) is pivotal role in cancer 
progression and treatment response. The TME comprises 
of various elements, including extracellular matrix (ECM) 
components stromal cells (such as fibroblasts and immune cells), 
and blood vessels. These components interact with cancer cells, 
affecting their behavior and the efficacy of therapies. For instance, 
the ECM can influence tumor cell invasion and drug resistance 
while immune cells can support or hinder tumor growth. Nano-
engineered therapeutics are increasingly being designed to target 
specific components of the TME, aiming to disrupt the supportive 
interactions between cancer cells and their environment [5].

Metastatic potential

The ability of breast cancer to metastasize to distant organs is a 
major factor in its prognosis and treatment complexity. Metastatic 
breast cancer indicates the spread of tumor cells beyond the 
primary site, often leading to more severe health outcomes and 
a need for more aggressive treatment. The metastatic process 
involves multiple steps, including local invasion, entry into the 
bloodstream or lymphatic system, and colonization of distant 
tissues. Understanding these mechanisms is crucial for developing 
nano-engineered therapeutics targeting metastatic sites more 
effectively and prevent or treat secondary tumors [6]. 

Genomic instability

Genomic instability is a hallmark of breast cancer and contributes 
to its complexity and resistance to treatment. It encompasses 
a high rate of genetic mutations, chromosomal alterations, and 
variations in DNA copy number. These genomic changes lead 
to diverse tumor cell populations within the same tumor, each 
with different vulnerabilities and resistance mechanisms. Nano-

Characteristics of breast cancer

Heterogeneity

Breast cancer is renowned for its heterogeneity, which manifests 
both inter- and intra-tumorally. Inter-tumoral heterogeneity refers 
to the differences between tumors in different patients, while intra-
tumoral heterogeneity involves variations within a single tumor. 
Genetic mutations, epigenetic changes, and differences in cellular 
environments drive this variability. The heterogeneity complicates 
treatment as each tumor or even each region of a tumor may 
respond differently to therapies. Advances in molecular profiling 
and genomic analysis are helping to characterize this diversity, 
guiding the development of personalized treatment approaches 
[3].

Hormone receptor status

Hormone receptor status is a critical determinant of breast 
cancer treatment and prognosis. Tumors are classified based 
on the presence or absence of estrogen receptors (ER) and 
progesterone receptors (PR). ER-positive and PR-positive tumors 



Figure 2: Characteristics of breast cancer.
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engineered therapeutics can be designed to target specific genetic 
alterations or mutations, offering a more tailored approach to 
treatment [7]. These advanced therapies aim to improve treatment 
outcomes and overcome resistance by addressing the underlying 
genomic instability. 

drug targets, and activation of alternative survival pathways. This 
adaptability makes it challenging to achieve long-term remission 
and necessitates the continuous development of new therapies to 
overcome resistance [9]. 

Limited drug penetration

Physical and biological barriers within the tumor 
microenvironment frequently impede effective drug delivery 
to mammary tumors. Tumors often have a dense extracellular 
matrix, irregular and leaky blood vessels, and high interstitial 
fluid pressure, which collectively hinder the penetration and 
distribution of therapeutic agents. This limitation can reduce the 
efficacy of drugs, especially in larger or more complex tumors [10].

Immune evasion

Tumors can employ various strategies to evade immune 
detection and destruction, making immunotherapy and other 
treatments less effective. These strategies include the expression 
of immune checkpoint proteins that inhibit immune response or 
the secretion of factors that suppress immune activity. Overcoming 
immune evasion is crucial for improving the effectiveness of both 
conventional and novel therapies [11].

Tumor plasticity

Tumor plasticity refers to the ability of cancer cells to adapt and 
change in response to treatment pressures, such as drug exposure. 
This adaptability can result in the emergence of more aggressive 
or resistant cancer cell populations, complicating treatment efforts 
and leading to disease progression. Addressing tumor plasticity 
requires therapies that adapt to and target these evolving cancer 
cell characteristics [12].

Inadequate biomarkers for early detection and monitoring

Current biomarkers for breast cancer are often insufficiently 
sensitive or specific, limiting their effectiveness in early detection 
and monitoring of disease progression. Reliable biomarkers are 
essential for tailoring treatments and assessing their efficacy. 
Advances in biomarker development are necessary to improve the 
precision and effectiveness of treatment strategies [13].

Toxicity and side effects

All cancer treatments, including systemic therapies, can have 
significant side effects and toxicity. These can range from mild 

The impact of breast cancer on patients and society

Despite advancements in early detection and treatment 
modalities, breast cancer continues to pose a significant public 
health challenge. The global burden of breast cancer is exacerbated 
by factors such as increasing life expectancy, lifestyle changes, and 
genetic predispositions. Early-stage breast cancer has a favorable 
prognosis, but metastatic disease remains associated with high 
mortality rates. The 5-year survival rate for localized breast 
cancer exceeds 90%, while it plummets to approximately 30% for 
metastatic cases [8]. This stark contrast highlights the pressing 
need for innovative treatment strategies that can effectively target 
aggressive tumor phenotypes.

Current challenges in cancer treatment

Hindering factors for effective treatment of mammary tumors

Drug resistance

A significant challenge in breast cancer treatment is the 
development of drug resistance. Cancer cells often adapt to 
therapies, leading to reduced effectiveness and treatment failure. 
Resistance mechanisms include genetic mutations, alterations in 



Figure 3: Breast cancer progression from the primary tumor to 
the metastatic stage and breast cancer subtypes, prognosis, and 

most common current pharmacological treatment options in 
each case [18].
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symptoms like nausea and fatigue to severe adverse effects such 
as cardiotoxicity or secondary cancers. Managing these side 
effects is crucial to maintaining patient quality of life and ensuring 
adherence to treatment regimens [14].

Lack of personalized treatment approaches

Personalized medicine aims to tailor treatments based on 
individual patient profiles, including genetic and molecular 
characteristics of tumors. However, implementing truly 
personalized approaches in breast cancer treatment remains 
complex and underdeveloped. Integrating patient-specific data into 
treatment planning is essential for maximizing therapeutic efficacy 
and minimizing adverse effects [15]. Addressing these hindering 
factors is vital for improving breast cancer treatment outcomes 
and advancing the development of more effective and personalized 
therapeutic strategies.

Limitations of current treatment approaches

“The management of breast cancer incorporates multiple 
treatment modalities such as surgery, chemotherapy, radiation 
therapy, and hormonal therapy. Although these interventions have 
significantly improved patient survival and outcomes, they are 
associated with notable limitations. Identifying these drawbacks 
is crucial to fostering the development of more innovative and 
targeted therapeutic strategies [16].”

Non-specificity and systemic toxicity

A fundamental limitation of conventional therapies is their 
non-specific action, which often leads to systemic toxicity. This is 
particularly evident in the following treatment modalities

•	 Surgery: Surgical interventions, including lumpectomy and 
mastectomy, are widely used to treat localized breast cancer. 
However, these procedures risk of complications such as 
infection, bleeding, and extended recovery periods. Patients 
may also face physical changes, including alterations in 
breast appearance, which can contribute to body image 
concerns and psychological stress. Furthermore, post-
operative pain and the risk of developing lymphedema, a 
condition marked by swelling due to lymphatic fluid buildup, 
are significant factors that can negatively affect a patient’s 
quality of life [17].

•	 Chemotherapy: Chemotherapy continues to be a key 
component of breast cancer treatment, particularly 
for patients with aggressive or metastatic disease. 
Despite its widespread use, the non-specific targeting of 
chemotherapeutic agents results in numerous adverse side 
effects, including hair loss, nausea, fatigue, and increased 
susceptibility to infections. These systemic toxicities 
often limit the effectiveness and tolerability of treatment, 
impacting patients’ overall quality of life [19].

•	 Hematologic Toxicity: Chemotherapy can lead to bone 
marrow suppression, which may result in conditions such as 
anemia, thrombocytopenia, and neutropenia. Anemia often 
causes fatigue and weakness, while neutropenia significantly 
increases the patient’s risk of developing infections due to 
reduced white blood cell. Thrombocytopenia can also lead 
to an increased likelihood of bleeding and bruising, further 
complicating treatment [20].

•	 Gastrointestinal Toxicity: Patients undergoing 
chemotherapy frequently suffer from side effects such 
as nausea, vomiting, diarrhea, and mucositis, which 
can contribute to dehydration and malnutrition. These 
complications may necessitate hospitalizations for 
symptomatic management, significantly impacting the 
treatment process and the patient’s overall well-being [21].
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•	 Neuropathy: Certain chemotherapeutic agents, such as 
taxanes, induce peripheral neuropathy, leading to pain, 
tingling, and numbness in the extremities. These neurological 
effects can significantly impair patients’ daily activities and 
reduce their overall quality of life [22].

•	 Cardiotoxicity: Certain chemotherapeutic agents, such as 
anthracyclines, are associated with cardiotoxicity, which may 
result in heart failure or other cardiovascular complications. 
The risk of these cardiac events increases with cumulative 
doses, posing a significant long-term health risk for patients 
[23].

•	 Radiation Therapy: Radiation therapy is frequently 
employed following surgery to eliminate any remaining 
cancer cells. However, it can lead to unintended consequences, 
including skin irritation, fatigue, and damage to surrounding 
healthy tissues. These side effects may affect patients’ quality 
of life and their ability to continue with daily activities [24].

•	 Acute Reactions: Patients undergoing radiation therapy 
may experience skin reactions, including erythema, dryness, 
and desquamation in the irradiated area. Additionally, 
fatigue is a frequent side effect that can persist throughout 
the course of treatment. These reactions can significantly 
impact the patient’s comfort and overall quality of life.

•	 Long-Term Complications: There is a recognized risk 
of developing secondary cancers as a result of radiation 
exposure. Long-term effects may also include fibrosis, 
lymphedema, and alterations in breast appearance, all of 
which can negatively impact the patient’s quality of life [25].

•	 Hormone Therapy: For hormone receptor-positive 
breast cancer, hormone therapies such as tamoxifen and 
aromatase inhibitors have proven to be effective treatment 
options. However, these therapies are associated with 
several limitations, including potential side effects such 
as hot flashes, vaginal dryness, and an increased risk of 
thromboembolic events. Additionally, some patients may 
experience hormone resistance over time, which can limit 
the long-term effectiveness of these treatments.

•	 Vasomotor Symptoms: Hot flashes, night sweats, and 
vaginal dryness are common complaints among patients 
undergoing hormone therapy, which can lead to significant 
discomfort and a reduction in quality of life. These side 

effects may also contribute to non-adherence to treatment, 
further complicating disease management.

•	 Bone Health: Aromatase inhibitors can decrease in bone 
density, which increases the risk of osteoporosis and 
fractures. Consequently, monitoring bone health becomes 
essential for managing patients undergoing treatment with 
these agents [26].

•	 Resistance Development: Many patients eventually develop 
resistance to hormone therapy, which necessitates exploring 
alternative treatment options that may be less effective 
or more toxic. This resistance can complicate treatment 
regimens and impact overall patient outcomes, highlighting 
the need for ongoing research into more effective therapies.

Development of drug resistance

One of the most significant challenges in breast cancer treatment 
is the development of drug resistance, which can manifest in 
various forms, including intrinsic resistance, where tumors are 
resistant from the outset, and acquired resistance, which develops 
after an initial response to treatment. This phenomenon can occur 
with various therapeutic approaches, including chemotherapy, 
hormone therapy, and targeted therapies, complicating the 
management of the disease and often necessitating changes in 
treatment strategies

•	 Primary resistance: Some tumors exhibit inherent 
resistance to treatment from the outset, resulting in treatment 
failure This lack of response can often be attributed to the 
tumor’s specific genetic and molecular characteristics of the 
tumor, underscoring the importance of conducting genomic 
profiling to identify potential resistance mechanisms [27]. 
Understanding these factors can aid in developing more 
personalized and effective treatment strategies.

•	 Acquired resistance: Over time, breast cancer cells can 
adapt to the pressures exerted by treatment, resulting in 
acquired resistance. This phenomenon can occur through 
several mechanisms, including genetic mutations that alter 
drug targets, the activation of alternative signaling pathways, 
and the upregulation of efflux pumps that reduce drug 
accumulation within the cells [28]. Understanding these 
mechanisms is critical for developing effective strategies to 
overcome resistance and improve treatment outcomes.
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•	 Genetic mutations: Mutations in critical oncogenes or 
tumor suppressor genes may allow cancer cells to circumvent 
the effects of therapeutic agents. For instance, mutations 
in the estrogen receptor (ER) can contribute to resistance 
against endocrine therapies, making it more challenging 
to achieve effective treatment outcomes [29]. These 
alterations underscore the need for ongoing monitoring and 
the potential development of novel treatment strategies to 
target resistant cancer cells.

•	 Alterations in drug transport: Upregulation of drug efflux 
pumps, such as P-glycoprotein, can expel chemotherapeutic 
agents from cancer cells, thereby reducing their efficacy. 
This resistance mechanism can significantly diminish the 
therapeutic effects of various chemotherapy drugs and 
complicate treatment regimens [30].

•	 Tumor microenvironment: The tumor microenvironment 
can foster resistance by secreting growth factors and 
cytokines that support cancer cell survival and proliferation, 
even in therapeutic interventions. This interaction between 
tumor cells and their microenvironment contributes to 
treatment resistance but also facilitates tumor progression 
and metastasis.

The emergence of resistance complicates treatment regimens 
and is often associated with poor prognoses, significantly affecting 
survival rates and quality of life [31]. Moreover, patients may 
require more aggressive treatment regimens, which can increase 
toxicity and further compromise their well-being.

Challenges in aggressive breast cancer subtypes

The limitations of current treatment strategies are especially 
pronounced in aggressive subtypes of breast cancer, such as triple-
negative breast cancer (TNBC). This subtype presents unique 
challenges due to its lack of targeted therapies and the higher 
likelihood of early relapse. Additionally, TNBC is often associated 
with a more aggressive tumor biology, leading to poorer overall 
survival rates compared to other breast cancer subtypes.

•	 Higher likelihood of metastasis: Triple-negative breast 
cancer (TNBC) is associated with a higher rate of metastasis 
to distant organs compared to other breast cancer subtypes. 
The aggressive nature of TNBC often leads to rapid disease 
progression, making management exceptionally challenging. 

Patients with metastatic TNBC frequently encounter limited 
treatment options, resulting in a heightened likelihood of 
poor outcomes [32].

•	 Poorer overall survival: Studies have demonstrated that 
patients with triple-negative breast cancer (TNBC) have 
worse overall survival rates compared to those with other 
breast cancer subtypes, emphasizing the urgent need for 
innovative therapeutic strategies tailored specifically for 
this group. The aggressive behavior of TNBC necessitates 
intensive treatment regimens, which may lead to increased 
side effects and a diminished quality of life for patients [32].

•	 Lack of targeted therapies: The absence of estrogen 
receptors and HER2 overexpression in triple-negative breast 
cancer (TNBC) renders patients ineligible for hormone 
therapies and targeted HER2 treatments, significantly 
limiting their therapeutic options. Consequently, patients 
often rely on conventional chemotherapy, which, while 
initially effective, can result in substantial toxicity and the 
development of resistance over time.

The promise of precision medicine

The emergence of precision medicine has ushered in a 
transformative approach to cancer therapy, emphasizing 
tailored treatment strategies based on the individual molecular 
characteristics of a patient’s tumor. Precision medicine aims to 
identify specific genetic and molecular alterations within tumors 
to inform therapeutic decisions, thereby improving treatment 
efficacy while minimizing adverse effects. Targeted therapies have 
shown promise in treating various cancers by focusing on the 
unique features of cancer cells, thereby enhancing the therapeutic 
index [33].

Rationale for targeted therapies

Targeted therapies in breast cancer aim to selectively disrupt 
pathways critical for tumor growth and survival. These therapies 
can either be small molecules or biologics that specifically inhibit 
aberrant signaling pathways, promote apoptosis, or enhance 
the immune response against cancer cells. For example, the 
development of HER2-targeted agents, such as trastuzumab 
(Herceptin), has significantly improved outcomes for HER2-
positive breast cancer patients, underscoring the potential benefits 
of targeted approaches.
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The role of nano-engineered therapeutics

In this context, nano-engineered therapeutics have emerged 
as a groundbreaking strategy to enhance targeted delivery and 
therapeutic efficacy. These nanoparticles can be engineered to 
improve pharmacokinetics, overcome biological barriers, and 
achieve specific targeting of tumor cells through passive and 
active targeting mechanisms. By encapsulating chemotherapeutic 
agents within nanoparticles, it is possible to attain localized drug 
delivery, minimize systemic exposure, and mitigate side effects 
associated with traditional therapies. As we explore the role of 
nano-engineered therapeutics in breast cancer treatment, it is 
essential to understand their potential to address the limitations of 
conventional therapies. Enhancing specificity, reducing off-target 
effects, and co-delivering multiple agents opens new avenues for 
personalized medicine in oncology.

Conventional treatments for breast cancer and their 
limitations

Overview of conventional treatments

Conventional treatment modalities for breast cancer primarily 
encompass surgery, chemotherapy, radiation therapy, and hormone 
therapy. Each approach plays a crucial role in managing the disease, 
yet they are not without limitations.

•	 Surgery: Surgical options for breast cancer vary widely, 
ranging from breast-conserving procedures, such as 
lumpectomy, to more extensive surgeries like mastectomy. 
The choice of surgical intervention is influenced by factors 
such as tumor size, location, stage, and the patient’s personal 
preferences. While surgery can effectively remove localized 
tumors and has been shown to improve survival rates in early-
stage breast cancer, it does not adequately address systemic 
disease or the presence of micrometastatic cancer cells that 
may lead to recurrence. Additionally, surgical interventions 
can result in physical and emotional challenges for patients, 
including pain, scarring, and changes in body image. These 
aspects underscore the necessity for supportive therapies 
post-operation, including physical rehabilitation and 
psychological counseling.

•	 Chemotherapy: Chemotherapy remains a cornerstone in 
the management of advanced or aggressive breast cancer 
types, with the primary goal of eliminating rapidly dividing 

cancer cells. However, its non-specific nature can lead to 
significant collateral damage to healthy tissues, resulting 
in side effects such as nausea, vomiting, hair loss, and 
immunosuppression. Furthermore, many patients develop 
drug resistance over time, limiting the effectiveness of 
subsequent treatments [31]. Recent insights into tumor 
biology emphasize the importance of optimizing the timing 
and combination of chemotherapeutic agents to enhance 
treatment effectiveness. Additionally, genomic assays, like 
Oncotype DX, can help identify patients who may benefit 
most from chemotherapy, sparing others from unnecessary 
side effects.

•	 Radiation Therapy: Radiation therapy is frequently 
employed as an adjuvant treatment after surgery to 
eliminate residual cancer cells and reduce the risk of local 
recurrence. However, this modality can inadvertently 
damage surrounding healthy tissues, leading to side effects 
such as skin irritation, fatigue, and in some cases, more 
severe long-term complications, including fibrosis and an 
increased risk of secondary cancers [34]. The emerging 
field of targeted radiation therapies, including intensity-
modulated radiation therapy (IMRT) and proton therapy, 
aims to minimize these risks while enhancing therapeutic 
efficacy by precisely delivering radiation to tumor cells and 
sparing normal tissues.

•	 Hormone Therapy: For hormone receptor-positive breast 
cancers, therapies that target estrogen and progesterone 
receptors, such as tamoxifen and aromatase inhibitors, 
can significantly improve patient outcomes. However, 
resistance to hormone therapies can develop over time, 
and not all patients exhibit a favorable response to these 
treatments, necessitating alternative approaches [35]. 
Emerging personalized approaches that assess hormonal 
receptor status, gene expression profiles, and the tumor 
microenvironment may enhance the efficacy of these 
therapies. For example, the use of CDK4/6 inhibitors in 
conjunction with hormone therapy has shown promise in 
improving outcomes for patients with hormone receptor-
positive metastatic breast cancer.
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Limitations of conventional treatments

The limitations of conventional treatments for breast cancer are 
significant and multifaceted, as summarized in

Table 1 These challenges often necessitate exploring novel 
therapeutic strategies to improve patient outcomes. Despite 
the significant advancements in breast cancer treatment, the 
limitations of conventional therapies highlight the urgent need for 
innovative solutions that enhance specificity and reduce toxicity. 
The development of targeted therapies, including nano-engineered 
therapeutics, represents a promising approach to addressing the 
shortcomings of traditional treatment modalities [36]. These novel 
strategies aim to improve therapeutic outcomes while minimizing 
adverse effects, ultimately leading to better patient quality of life.

retention effects, enabling targeted delivery to tumor sites while 
sparing healthy tissues. Engineered nano-therapeutics utilize 
various materials, including lipids, polymers, and inorganic 
nanoparticles, to encapsulate drugs, improve their stability, and 
control their release profiles. The continuous advancements in 
nanotechnology, and a deeper understanding ofcombined with a 
deeper understanding of tumor biology have paved the way for the 
development of these sophisticated therapeutic agents.

Enhanced targeting and drug delivery

Engineered nanotherapeutics provide enhanced targeting 
capabilities by designing nanoparticles that can selectively bind to 
tumor cells. This specificity can improve treatment outcomes and 
minimize collateral damage to healthy tissues.

Mechanisms of targeting

Nanoparticles can achieve specificity in drug delivery through 
two primary mechanisms: passive targeting and active targeting. 
Passive targeting relies on the enhanced permeability and retention 
(EPR) effect, where nanoparticles accumulate in tumor tissues due 
to the leaky vasculature typically found in tumors. In contrast, active 
targeting involves the modification of nanoparticles with ligands 
or antibodies that bind specifically to receptors overexpressed on 
cancer cells, facilitating selective uptake and improved therapeutic 
efficacy.

•	 Passive Targeting: This mechanism exploits the enhanced 
permeability and retention (EPR) effect, characteristic of 
tumor vasculature. Tumors typically exhibit leaky blood 
vessels that prefentially allow nanoparticles to accumulate 
in the tumor microenvironment. This phenomenon enhances 
drug delivery efficiency while minimizing exposure to 
normal tissues, thereby reducing potential side effects 
associated with conventional therapies [38].

•	 Active Targeting: This approach involves functionalizing 
nanoparticles with ligands that specifically bind to receptors 
overexpressed on cancer cells, thereby enhancing cellular 
uptake. Common ligands used for this purpose include 
antibodies, peptides, and small molecules. 

Treatment  
Modality Limitations

Surgery Risk of recurrence; does not address 
systemic disease; physical and emotional 

challenges.
Chemotherapy Non-specific; significant side effects; drug 

resistance; limited effectiveness in some 
patient populations.

Radiation 
Therapy

Damage to healthy tissues; long-term 
complications; variability in patient 

response.
Hormone 
Therapy

Development of resistance; limited 
patient response; need for personalized 

treatment approaches.

Table 1: Limitations of current breast cancer treatment  
modalities.

Introduction to engineered nano-therapeutics

Given the limitations of conventional treatments for breast 
cancer, there is an urgent need for innovative therapeutic strategies 
that can enhance treatment efficacy, minimize side effects, and 
address the challenges posed by tumor heterogeneity and drug 
resistance. Engineered nano-therapeutics have emerged as a 
promising solution, utilizing advanced materials and design 
to improve drug delivery and targeting. Nano-therapeutics 
are typically designed at the nanoscale, ranging from 1 to 100 
nanometers, which allows for unique interactions with biological 
systems [37]. This size facilitates enhanced permeability and 



Figure 5: Drug resistance, a pivotal challenge in cancer therapy, 
stemming from mechanisms such as target alterations,  

increased drug efflux, and disrupted cell signaling pathways.

Figure 4: The targeting mechanisms, showcasing how  
engineered nanoparticles can navigate the complex tumor  
microenvironment to improve therapeutic delivery [39].
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Case studies

Recent studies have demonstrated the ability of engineered 
nanoparticles to effectively deliver combinations of 
chemotherapeutics and resistance modulators, such as, siRNA-
loaded nanoparticles targeting the HER2 gene, resulting in 
significant tumor regression in preclinical models. These findings 
suggest that targeting critical pathways involved in resistance 
can sensitize tumors to conventional therapies. Additionally, 
other studies have explored the use of nanoparticles to deliver 
chemotherapeutics alongside agents that inhibit drug efflux 
pumps, a key mechanism in drug resistance. By inhibiting these 
pumps, nanoparticles can enhance the intracellular accumulation 
of chemotherapeutic agents, improving their therapeutic efficacy 
[41].

Improved pharmacokinetics and biodistribution

Nano-engineered therapeutics exhibit favorable 
pharmacokinetic profiles, such as prolonged circulation times 
and enhanced accumulation in tumor tissues due to the enhanced 
permeability and retention (EPR) effect. This extended exposure 
increases the concentration of the therapeutic agent at the tumor 
site, significantly improving therapeutic outcomes while reducing 
systemic toxicity [42].

Pharmacokinetic models

The pharmacokinetic properties of nano-engineered 
therapeutics offer significant advantages over conventional drugs, 
particularly regarding circulation half-life, tumor accumulation, 
and clearance mechanisms. Conventional small-molecule drugs are 
rapidly cleared from the bloodstream, often leading to suboptimal 
therapeutic concentrations in tumors and increased systemic 
toxicity. In contrast, nano-engineered therapeutics exhibit 
prolonged circulation half-lives due to their larger size and surface 
modifications, such as PEGylation, which helps evade immune 
recognition and reduces renal clearance. This extended circulation 
allows for increased tumor accumulation, primarily through the EPR 
effect, where nanoparticles exploit the leaky vasculature of tumors 
for preferential retention. Additionally, the clearance mechanisms 
of nano-engineered therapeutics differ from those of conventional 
drugs. While small-molecule drugs are typically cleared via renal 
excretion or hepatic metabolism, nanoparticles are predominantly 
cleared by the reticuloendothelial system (RES), particularly by 

Overcoming drug resistance

One of the most pressing challenges in cancer treatment is drug 
resistance, which can arise through various mechanisms, including 
alterations in drug targets, increased drug efflux, and changes in 
cell signaling pathways. Engineered nanoparticles can be designed 
to co-deliver multiple therapeutic agents or genetic materials, such 
as small interfering RNA (siRNA). This dual-action approach can 
potentially reverse resistance by targeting the cancer cells directly 
and the pathways contributing to resistance [40]. 
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the liver and spleen, which can further reduce systemic side effects 
and enhance therapeutic efficacy. These favorable pharmacokinetic 
properties lead to higher concentrations of the therapeutic agent at 
the tumor site for a prolonged period, enhancing overall treatment 
outcomes [42].

Nano-Engineered  
Therapeutic

Circulation 
Half-Life Tumor Accumulation Clearance Mechanism

Doxil® (liposomal  
doxorubicin)

~50 hours High Mononuclear phagocyte 
system

Paclitaxel-loaded  
nanoparticles

~30 hours Moderate Hepatic metabolism

siRNA-loaded polymeric 
nanoparticles

~12 hours High Renal clearance

Table 2

Table 2 the pharmacokinetic properties of various nano-
engineered therapeutics compared to conventional drugs, 
highlighting their advantages in terms of circulation half-life, 
tumor accumulation, and clearance mechanisms.

The extended circulation half-life of nano-engineered 
formulations facilitates enhanced tumor accumulation, improving 
therapeutic efficacy while reducing the required dosing frequency 
and minimizing the potential side effects commonly associated 
with conventional delivery methods [42]. This prolonged exposure 
at the tumor site ensures a sustained release of the therapeutic 
agent, optimizing treatment outcomes and improving patient 
compliance.

Multifunctionality and personalized medicine

The multifunctionality of engineered nanoparticles allows for the 
simultaneous delivery of chemotherapeutics, immunotherapeutics, 
and gene therapies, offering a comprehensive treatment approach 
[42]. This capability aligns well with personalized medicine, 
where treatments are tailored to individual patient profiles based 
on genetic, epigenetic, and proteomic analyses. For example, 
nanoparticles can be designed to incorporate biomarker-specific 
agents, enabling real-time monitoring of treatment response 
and tumor evolution. This adaptability enhances therapeutic 
effectiveness and allows for adjustments in treatment regimens 
based on individual patient needs and responses, thereby 
improving overall outcomes [43].

A paradigm shift in breast cancer treatment

The urgent need for nano-engineered therapeutics arises 
from the limitations of conventional treatment modalities, 

highlighting the potential of these advanced strategies to enhance 
patient outcomes significantly. As research progresses, these 
innovative therapies may reshape the landscape of breast cancer 
treatment, offering new hope for patients facing challenges such 
as tumor heterogeneity, drug resistance, and adverse side effects 
associated with traditional therapies. Integrating of engineered 
nano-therapeutics into clinical practice holds the promise of a 
more effective, personalized approach to breast cancer treatment, 
ultimately improving patients´ survival rates and quality of life 
[39].

Applications and advantages of nano-engineered therapeutics 
in mammary tumor treatment

Targeted drug delivery

Engineered nano-therapeutics facilitate targeted drug delivery, 
ensuring therapeutic agents reach the tumor site with minimal 
exposure to surrounding healthy tissues. This targeted approach 
is crucial for improving treatment efficacy and reducing the 
likelihood of side effects commonly associated with systemic 
treatments. The design of nanoparticles can be optimized for 
enhanced targeting capabilities, either through passive targeting 
via the enhanced permeability and retention (EPR) effect or 
active targeting by functionalizing the nanoparticle surface with 
ligands that specifically bind to receptors on cancer cells. This 
specificity significantly improves the localization of therapeutic 
agents, leading to higher concentrations of drugs within the tumor 
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while sparing normal tissues [44]. Additionally, the targeted 
delivery of chemotherapeutics through nano-engineered systems 
can enhance the therapeutic index of drugs, allowing for lower 
doses while maintaining efficacy. Formulations such as liposomal 
doxorubicin not only target tumors effectively and reduce systemic 
exposure, minimizing adverse effects like nausea, hair loss, and 
immunosuppression. By directing treatment specifically to tumor 
sites, engineered nanoparticles can help mitigate the collateral 
damage typically associated with conventional cancer therapies.

Improved pharmacokinetics

Recent advancements in nanoparticle formulation have 
shown significant improvements in pharmacokinetics, which 
is critical for enhancing the overall efficacy of breast cancer 
treatments. Studies on liposomal formulations have demonstrated 
reduced cardiotoxicity and enhanced tumor drug accumulation 
via the EPR effect. Modifying particle size, surface charge, and 
composition allows fine-tuning pharmacokinetic profiles [45]. The 
pharmacokinetics of nanoparticles can be engineered to achieve 
prolonged circulation times and increased tumor accumulation. 
For instance, increasing the nanoparticle size can reduce renal 
clearance, allowing for more extended systemic circulation. 
Furthermore, surface modifications can improve the stability and 
solubility of therapeutic agents, enhancing their bioavailability. 
Advanced pharmacokinetic modeling is used to predict the 
behavior of these nano-engineered therapeutics in vivo, helping 
researchers optimize formulations for specific therapeutic goals 
[46]. It has been shown that modifying the surface properties of 
nanoparticles can significantly increase circulation half-lives and 
enhance tumor localization, translating to improved therapeutic 
efficacy and reduced side effects.

Multifunctional therapeutics

Nanoparticles can be designed to deliver multiple therapeutic 
agents simultaneously, offering a synergistic approach to treatment. 
This multifunctionality is particularly advantageous in breast cancer 
treatment, where combination therapies have shown improved 
outcomes compared to monotherapy. For instance, recent research 
has focused on combining chemotherapy with immunotherapy 
using engineered nanoparticles. This dual-action therapeutic 
strategy can effectively target cancer cells while enhancing the 
immune response. Engineered nanoparticles can be designed to co-

deliver chemotherapeutics, such as paclitaxel, alongside immune 
checkpoint inhibitors, such as anti-PD-1 antibodies, which can help 
activate T-cells against tumor cells. Integrating various therapeutic 
modalities into a single nanoparticle formulation allows for a 
coordinated attack on tumors, potentially improving treatment 
response rates. The simultaneous delivery of multiple agents 
can also help address tumor heterogeneity by targeting different 
pathways involved in tumor growth and survival [47].

Overcoming resistance mechanisms

The ability of engineered nanoparticles to co-deliver 
chemotherapeutics and agents targeting resistance pathways 
provides a promising strategy to overcome drug resistance, a 
significant barrier to effective cancer treatment. The development 
of resistance mechanisms can severely limit the effectiveness of 
standard chemotherapy, leading to treatment failure and disease 
progression. Recent studies have illustrated how nanoparticles 
can be designed to deliver chemotherapeutic agents and agents 
that modulate resistance mechanisms, such as inhibitors of drug 
efflux pumps or agents that target specific signaling pathways 
involved in resistance. For example, nanoparticles can be 
engineered to carry siRNA that silences genes responsible for drug 
resistance, effectively restoring sensitivity to previously effective 
chemotherapeutic agents [48,49].

Challenges in nano-engineered therapeutics for mammary 
tumors

Tumor heterogeneity

Tumor heterogeneity refers to diverse cell populations within 
a single tumor or among different tumors in the same patient, 
which can significantly impact the efficacy of nano-engineered 
therapeutics. This variation includes differences in receptor 
expression, genetic mutations, and cellular microenvironments 
among different tumor subtypes. For example, breast tumors can 
vary significantly in their expression of hormone receptors (e.g., 
estrogen and progesterone receptors) and HER2 status, which 
can result in differential responses to targeted therapies. This 
heterogeneity poses a significant challenge for nano-engineered 
therapies, as a single formulation may not effectively target all 
tumor cell populations. The differential uptake of nanoparticles by 
various cell types within a tumor can lead to suboptimal treatment 
outcomes. Consequently, this challenge underscores the importance 



Figure 6: Illustrates the potential mechanisms through which 
nanoparticles can modulate resistance, emphasizing their role 
in restoring sensitivity to conventional therapies. By targeting 

multiple pathways associated with drug resistance, engineered 
nano-therapeutics can provide a comprehensive strategy to 

overcome the challenges posed by resistant tumor phenotypes, 
thereby improving patient outcomes and extending the  

effectiveness of existing treatments (49).
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of personalized approaches in nanomedicine, where therapies are 
tailored to the specific molecular profile of an individual’s tumor to 
enhance efficacy and minimize resistance [50].

Regulatory hurdles

The regulatory landscape for nano-engineered therapeutics 
is still evolving, and there is an urgent need for clear guidelines 
regarding their development, testing, and approval. Regulatory 
agencies, such as the FDA and EMA, are working to establish 
frameworks that address the unique challenges posed by 
nanotechnology, which may require additional safety and 
efficacy data compared to conventional drugs [51]. For instance, 
assessing nanoparticles long-term toxicity, biodistribution, and 
environmental impact is crucial but complex. The dynamic nature 
of nanoparticles in biological systems complicates the evaluation 
of their safety profiles, necessitating comprehensive preclinical 
studies to determine potential adverse effects. As the field 
progresses, collaboration between researchers and regulatory 
agencies will be essential to streamline the approval process for 
innovative nano-therapeutics while ensuring patient safety.

Clinical translation

Despite numerous preclinical studies demonstrating the 
potential of nano-engineered therapeutics, translating these 
findings into clinical practice remains a significant challenge. 
Several issues must be addressed to ensure successful 
implementation, including scale-up production, cost-effectiveness, 
and patient accessibility.

For example, scaling up the production of nanoparticles while 
maintaining their quality and functionality can be difficult, as 
many manufacturing processes developed for research purposes 
may not be suitable for commercial production [52]. Additionally, 
the cost of designing and manufacturing these advanced 
therapeutics can be high, potentially limiting their accessibility 
to patients. Furthermore, the clinical efficacy of nano-engineered 
therapeutics must be validated through rigorous clinical trials 
to ensure that they provide significant benefits over existing 
treatment options. Addressing these challenges requires ongoing 
collaboration between academic researchers, industry partners, 
and healthcare providers to facilitate the integration of nano-
engineered therapeutics into routine clinical practice for breast 
cancer treatment.

Complex formulations

Developing nano-engineered therapeutics often involves 
complex formulations that require precise control over various 
parameters, including particle size, surface chemistry, and drug 
loading efficiency. For instance, nanoparticle size and surface charge 
can significantly influence their biodistribution, cellular uptake, 
and overall therapeutic effectiveness. Achieving reproducibility in 
these formulations is crucial for ensuring consistent therapeutic 
outcomes, yet it remains a significant challenge in the field.

Moreover, stability is another concern; nanoparticles can 
aggregate or degrade over time, potentially leading to reduced 
efficacy and altered pharmacokinetic profiles [34]. Addressing 
these formulation challenges requires interdisciplinary 
collaboration among chemists, biologists, and clinicians, and the 
development of standardized manufacturing processes to ensure 
product quality and safety [31].
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Recent breakthroughs in nano-engineered therapeutics for 
breast cancer

Liposomal formulations

Liposomal formulations have significantly advanced the 
field of breast cancer treatment by improving the delivery 
of chemotherapeutic agents. Doxil®, a pegylated liposomal 
formulation of doxorubicin, and Abraxane®, which encapsulates 
paclitaxel in albumin nanoparticles, exemplify these advancements. 
These liposomal formulations enhance the pharmacokinetics of the 
drugs, allowing for extended circulation times in the bloodstream 
and reduced side effects compared to traditional formulations. The 
mechanism by which liposomes improve drug delivery involves 
the enhanced permeability and retention (EPR) effect, where 
nanoparticles accumulate preferentially in tumor tissues due to 
their abnormal vasculature. Clinical studies have demonstrated 
that liposomal doxorubicin improves response rates in metastatic 
breast cancer patients, resulting in better overall survival 
outcomes [53]. Additionally, the reduced cardiotoxicity associated 
with liposomal formulations allows higher cumulative doses to be 
administered, potentially improving treatment efficacy.

Polymeric nanoparticles

Polymeric nanoparticles represent another promising class 
of nano-engineered therapeutics, offering significant advantages 
such as controlled drug release, improved stability, and the 
ability to customize surface properties for targeted delivery. 
These nanoparticles can be designed to encapsulate a variety 
of therapeutic agents, including chemotherapeutics and RNA-
based therapeutics like siRNA and mRNA, which can modulate 
gene expression to enhance therapeutic efficacy. Recent studies 
have highlighted the potential of polymeric nanoparticles in 
delivering RNA-based therapeutics for breast cancer treatment. 
For instance, a survey demonstrated that polymeric nanoparticles 
encapsulating siRNA targeting the HER2 gene significantly reduced 
HER2 expression and subsequent tumor growth in preclinical 
models. This approach exemplifies how engineered nanoparticles 
can address specific genetic targets, potentially overcoming 
resistance mechanisms associated with traditional therapies. 
Furthermore, the flexibility of polymeric nanoparticles allows for 
the incorporation of targeting ligands that enhance specificity 
toward tumor cells, further improving treatment outcomes [54].

Gold nanoparticles in photothermal therapy

Gold nanoparticles have garnered considerable interest due 
to their unique optical properties, which enable their use in 
photothermal therapy (PTT). When exposed to near-infrared (NIR) 
light, these nanoparticles can absorb energy and generate localized 
heat, selectively destroying cancer cells while sparing surrounding 
healthy tissues. This selective heating is facilitated by the fact that 
breast cancer cells tend to have higher uptake of gold nanoparticles 
than normal cells, making them more susceptible to thermal 
damage. Recent preclinical studies have demonstrated the efficacy 
of gold nanoparticles in enhancing the sensitivity of breast cancer 
cells to radiation therapy, for instance, gold nanoparticles combined 
with radiation treatment resulted in significantly enhanced tumor 
regression compared to radiation alone, highlighting the potential 
of this combined approach for improving treatment efficacy in 
breast cancer. Gold nanoparticles can also serve as imaging agents 
for real-time monitoring of tumor responses during therapy, 
thereby enhancing treatment precision [55].

Future directions in nano-engineered therapeutics for breast 
cancer

The future of nano-engineered therapeutics in breast cancer 
treatment is poised for significant advancements, focusing on 
innovative formulations that effectively address the current 
challenges. Key areas of focus include:

Personalized nano-medicine

The integration of genomics and proteomics is paving 
the way for personalized nano-medicine, where treatment 
strategies are tailored to the specific molecular characteristics of 
individual tumors. With the increasing understanding of breast 
cancer biology, including tumor heterogeneity and molecular 
subtypes (e.g., luminal A, luminal B, HER2-positive, and triple-
negative), clinicians can utilize biomarker profiling to select the 
most appropriate nano-engineered therapeutics). Personalized 
approaches allow for the development of nanoparticles designed 
to target specific biomarkers associated with a patient’s tumor. For 
instance, nanoparticles can be engineered with ligands that bind 
to receptors overexpressed in particular breast cancer subtypes, 
enhancing specificity and efficacy while minimizing toxicity to 
normal tissues. Moreover, monitoring treatment responses through 
advanced imaging techniques can help in dynamically adjusting 
therapy based on the patient’s individual response [56].



Figure 7: Recent breakthroughs in engineered  
nano-therapeutics for breast cancer.
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Combination therapies

Exploring combination therapies integrating nano-engineered 
therapeutics with existing treatment modalities may enhance 
overall treatment outcomes. The synergistic effects of combining 
different therapeutic strategies—such as chemotherapy, 
immunotherapy, and radiation-can lead to improved response 
rates and a reduction in the development of drug resistance. For 
example, combining nano-engineered drug delivery systems 
with immune checkpoint inhibitors can enhance the antitumor 
immune response while simultaneously targeting the tumor 
directly. Recent studies have indicated that combining paclitaxel-
loaded nanoparticles with PD-1 inhibitors in preclinical models of 
breast cancer significantly improves treatment efficacy compared 
to monotherapies. Additionally, incorporating targeted therapies, 
such as HER2-targeted nanoparticles, alongside traditional 
chemotherapeutics may result in a more comprehensive approach 
to tumor management [57].

Regulatory and commercialization strategies

A collaborative approach involving academia, industry, and 
regulatory agencies is essential To facilitate the clinical translation 
of nano-engineered therapeutics. Establishing clear regulatory 
pathways and frameworks for evaluating the safety and efficacy 
of these innovative therapies will be crucial for their successful 

commercialization. Regulatory agencies, such as the U.S. Food 
and Drug Administration (FDA) and the European Medicines 
Agency (EMA), are actively developing guidelines specific to 
nanotechnology in medicine to address the unique challenges 
posed by nano-engineered therapeutics [58]. Collaboration 
between stakeholders can help streamline the approval process, 
ensuring safe and effective nano-engineered therapies promptly 
reach patients in a timely manner. Furthermore, educational 
initiatives to inform healthcare providers and patients about these 
therapies’ potential benefits and risks will be necessary to build 
trust and facilitate adoption in clinical practice.

Conclusion

The landscape of breast cancer treatment is transforming 
remarkably propelled by advancements in nano-engineered 
therapeutics that promise improved efficacy, reduced side effects, 
and enhanced patient outcomes. These innovative approaches 
harness the unique capabilities of engineered nanoparticles, 
enabling targeted drug delivery, superior pharmacokinetics, 
and multifunctionality to address the complexities of breast 
cancer, including tumor heterogeneity and drug resistance. We 
are witnessing a paradigm shift in cancer care by integrating 
personalized nano-medicine, which tailors therapies based on 
individual tumor profiles, and exploring combination strategies 
that synergistically enhance existing treatments. Despite 
challenges in regulatory pathways, complex formulations, and 
clinical translation, the ongoing collaboration among researchers, 
clinicians, and regulatory bodies is crucial for overcoming these 
hurdles. As we continue to invest in research and development, 
the potential for groundbreaking discoveries at the intersection of 
nanotechnology and personalized medicine becomes increasingly 
tangible, heralding a new era of hope for breast cancer patients. 
This collective commitment to advancing nano-engineered 
therapeutics represents a significant leap forward in treatment 
strategies. It embodies the promise of transformative outcomes 
in the fight against breast cancer, ultimately leading to improved 
quality of life and survival for patients and their families.
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