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General introduction

Cancer is the most lethal disease worldwide, claiming the lives of nearly 196 
million people in 2021. Breast cancer had the highest incidence, with around 
2.26 million cases, while skin cancer ranked fifth with around 1.2 million cases 
worldwide in 2021 [1]. These malignancies are associated with high incidence and 
aggressiveness. As a result, the search for treatments for malignant tumors has 
been a major focus of research in the field of cancer. Traditional cancer treatments, 
such as surgery, radiotherapy and systemic therapy, are often associated with 
severe damage, toxicity and drug resistance. Certain types of skin cancer 
located in delicate areas may not be amenable to surgical intervention. The rapid 
development of nanotechnology has spurred novel ideas, particularly within the 
realm of nanomedicine. The so-called nanomedicine is the combination of medicine 
and nanotechnology, using the characteristics of nanomaterials to study the 
characteristics of living bodies and discover new phenomena and laws from them, 
providing new theories and methods for human health and disease diagnosis and 
treatment. As nanomedicine research progresses, the unique physicochemical as 
well as biological properties of novel nanomaterials are being explored, and new 
diagnostic and therapeutic techniques are gradually breaking down the barriers 
of traditional medical technology, becoming one of the frontier technologies at the 
intersection of life and materials.

Nanomedicine Research Areas 

Currently, nanomedicine research primarily focuses on developing nanoparticles 
(NPs) with detection, diagnostic, or therapeutic functions leveraging their unique 
properties. The unique properties of various types of nanomedicine make them a 
promising solution for treating numerous diseases [2]. For example, certain rare 
earth elements with optical, magnetic, or radioactive properties are utilized for 
imaging techniques such as optical imaging, MRI, CT imaging, and radionuclide 
imaging. These techniques greatly enhance the accuracy of disease detection and 
diagnosis, paving the way for more effective treatment strategies [3]. Notably, NPs 
possess the ability to encapsulate chemotherapeutic drugs and imaging agents, 
enabling precise control and monitoring of drug delivery [4,5]. This targeted drug 
delivery approach can minimize the side effects of chemotherapy and enhance 
its efficacy by concentrating the drug at the tumor site while reducing exposure to 
healthy cells [6,7]. Currently, many types of NPs have been approved by the FDA 
for use in the treatment of diseases, and a proportion of NPs are in clinical trials. 
Although nanomedicine has revolutionized treatment strategies for many diseases, 
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including cancer, the disease process is regulated by multiple mechanisms, and 
challenges such as drug insolubility and side effects persist. Thus, current research 
in nanomedicine primarily focuses on developing nanomaterials that can meet 
diverse medical purposes.

A variety of nanomaterials are under current study for diverse applications 
These materials encompass organic, inorganic, and hybrid nanoparticles 
[8]. Organic nanoparticles, such as polymeric nanoparticles, liposomes, and 
dendrimers, are composed of carbon-based materials. They offer tunable pores, 
low toxicity, biodegradability, and biocompatibility, making them suitable carriers 
for incorporating inorganic nanoparticles, chemotherapeutic drugs, or targeting 
structures with modified properties while retaining their original properties. 
Inorganic nanoparticles, typically composed of metals, metal oxides, rare-earth 
metals, or semiconductors, find wide-ranging applications in imaging, sensing, and 
catalysis. Examples include magnetic nanoparticles, quantum dots, and rare-earth 
metal nanoparticles. Rare-earth metal nanoparticles, a subset of inorganic NPs, are 
often doped into NPs as rare-earth ions. They are utilized for bioimaging, labeling, 
and detection due to their unique optical properties, photostability, low toxicity, and 
ability to convert near-infrared (NIR) photons into ultraviolet or visible light [9,10]. 
CaF2, a fluorite crystal, exhibits good biocompatibility, low toxicity, and excellent 
optical properties. It finds application in various optical devices and serves as a 
fluorescent imaging probe and bioimaging contrast agent when doped into target 
NPs [11,12]. For example, Yu et al. utilized the optical properties of Ce, Gd , Nd 
and CaF2 to synthesize CaF2 : Ce, Gd, Nd NPs, which are not only biocompatible 
and optically transparent, but also produce deeper tissue penetration at 808 nm 
excitation, demonstrating the appeal of multimodal imaging probes [13].

Hybrid NPs are composed of both organic and inorganic materials, utilizing 
a nanomaterials platform. Through techniques such as surface modification, 
integration, and coupling technologies, these NPs are engineered to possess 
multifunctional capabilities including targeting, diagnosis (imaging) and treatment. 
They are poised to play a pivotal role in advancing the integration of precision 
diagnosis and treatment in the future. Currently, organic NPs are frequently used 
as carriers in synthesizing NPs with novel functions. These functions can involve 
the incorporation of inorganic NPs, chemotherapeutic drugs or targeting structures 
that undergo physical or chemical modifications while preserving their inherent 
properties [14]. Moreover, PLGA, phospholipids, and polyethylene glycols have been 
approved for use by the FDA [15]. Consequently, polymer-based NPs are gaining 
increasing attention in various areas of drug delivery, drug targeting and medical 
imaging. An overview diagram of the different types of nanoparticle applications is 
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depicted in Figure 1.

Figure 1. Nanomaterials based on metals, polymers, semiconductor quantum dots, 
carbon-based materials and liposomes for cancer treatment and therapy

Prolonging drug transport, controlling drug release, and targeting drugs to 
specific cells are major challenges in current clinical research in nanomedicine. 
Conventional drugs can induce serious side effects by affecting organs and 
tissues throughout the body. Nanomedicine enhances traditional cancer therapies 
by transitioning from systemic absorption of high drug doses to the delivering 
anti-cancer or immunotherapeutic drugs directly to cancer cells, the tumor 
microenvironment or the immune system, thereby reducing side effects significantly 
[16]. Scientists have explored multifunctional nanoparticle systems capable of drug 
delivery, carrying targeting ligands, and controlling drug release, leveraging the 
characteristics of various of NPs mentioned earlier [17]. NPs functionalized with 
ligands such as folate receptors, nucleic acid adaptors, low-density lipoprotein 
receptors, glucose transporters, and transferrin receptors have been used for 
drug delivery to tumor cells [18-20]. For example, based on the characteristic 
overexpression of folate receptors on the surface of cancer cells, Mazen et al. 
modified folate onto the surface of polyethylene glycolated PLGA-5- Fluorouracil 
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NPs and then acted on colon and breast cancers, resulting in a 4-fold reduction 
in IC50 [21]. While free growth hormone-releasing factor (peptide) is reported to 
be undetectable after 1.5 hours of subcutaneous injection, NPs carrying growth 
hormone-releasing factor are reported to release growth hormone-releasing factor 
slowly and continuously for up to 24 h [22]. Notably, the uptake and transport 
of NPs in vivo are greatly influenced by their size, and NPs with particle sizes 
below 70 nm can freely cross cell membranes into capillaries and are readily 
metabolized and cleared out of the body by the kidneys. Particle larger than 500 
nm are typically cleared through phagocytosis by the liver and renal circulation. To 
avoid rapid clearance of the drug during transport, NPs in the particle size range of 
100−500 nm are generally preferred. While the availability of NPs has enhanced 
drug bioavailability, further customization of NPs remains a major focus of current 
research.

Exploration and application of Nanomedicine in breast cancer

Breast cancer is characterized by the abnormal proliferation and growth of breast 
cells, triggered by various carcinogenic factors [23]. As the disease advances, 
cancer cells progressively infiltrate the breast tissue and may metastasize to 
nearby lymph nodes or other organs. Studies have reported a direct correlation 
between the development of breast cancer and abnormal secretion of estrone and 
estradiol. Because breast cancer cells have large amounts of estrogen receptor 
alpha (ERα) and epidermal growth factor 2 (ERBB2) on their surface when the 
receptors are activated, the proliferation of breast cancer cells is also activated and 
begins to grow uncontrollably [24]. Historically, breast cancer treatment primarily 
involved surgery accompanied by chemotherapy or radiotherapy. For example, 
depending on the characteristics of breast cancer, anti-ERBB2 (e.g. trastuzumab) 
[25] and small molecule tyrosine kinase inhibitors (e.g. lapatinib) that target ERBB2 
therapy [26] are widely used in the treatment of breast cancer. Although effective in 
preventing the spread of malignant breast tumors, chemotherapy and radiotherapy 
often induce severe side effects, significantly impacting patients’ quality of life. 
Hence, there is an urgent need to explore novel treatment options aimed at 
mitigating these side effects. The advent of nanomedicine has brought new hope to 
the treatment of breast cancer.

Among the most significant advantages of nanomedicine in breast cancer treatment 
is its capacity for actively targeting cancer cells. Breast cancer cells are known 
to overexpress specific receptors on their surfaces, such as folate receptors [27], 
HER2 receptor, estrogen receptor, low-density lipoprotein receptors [28], glucose 
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transporters [29], and transferrin receptors [30]. Consequently, researchers have 
used corresponding ligands as target molecules for delivering drugs to these 
cancer cells (Fig. 2). For example, Sahar et al. demonstrated that targeting Dox-
PLGA copolymer NPs to folate receptors effectively minimized the side effects of 
chemotherapeutic agents while exhibiting potent anti-tumor properties [31]. Such 
targeted approaches can mitigate the side effects of chemotherapy and enhance 
treatment efficacy. In addition to active targeting, passive targeting can be achieved 
by modulating the tumor microenvironment through various means, including 
enhanced permeation and retention (EPR) effects (Fig. 2), enzyme sensitivity, heat 
sensitivity, or pH sensitivity. For example, Docetaxel-Incorporated Albumin-Lipid 
NPs that accumulate at the tumor site through the EPR effect have shown better 
anti-tumor efficacy in animal models compared to injections or tablets [32]. 

Targeting the tumor microenvironment primarily exploits the aberrant vascular 
system, extracellular matrix (ECM), and tumor-associated immune system. The 
virtually uncontrolled vascular proliferation in tumor tissue renders it a prime target 
for numerous nanoparticles designed to inhibit tumor angiogenesis. For example, 
Sengupta et al. used doxorubicin (DOX) as a core to form nanocells by attaching 
an anti-angiogenic agent (combretastatin) to the surface of PLGA. This approach 
effectively inhibit angiogenesis and tumor growth, while also addressing side effects 
such as cardiotoxicity caused by DOX [33]. Main components of the ECM, such as 
hyaluronic acid, collagen, and various enzymes (e.g., matrix metalloproteinases, 
hyaluronidase), promote cancer proliferation, invasion, and angiogenesis. The 
main components of ECM, hyaluronic acid, collagen, and various enzymes (e.g., 
matrix metalloproteinases, hyaluronidase), are able to promote cancer proliferation, 
invasion and angiogenesis. NPs can be designed to target these components, as 
demonstrated by the attachment of hyaluronic acid to the surface of epirubicin-
based NPs by electrostatic adsorption. This modification enhances tumor 
penetration and the chemotherapeutic effect of epirubicin [34]. 

Therapies that target the immune system, such as cancer vaccine therapies, 
immune checkpoint blockade therapies, and immune system modulator therapies, 
are also rapidly advancing in the field of cancer treatment [35]. In light of these 
therapeutic approaches, scientists have devised novel nanoplatforms that not 
only offer superior efficacy compared to conventional therapies but also enhance 
the bioavailability of drugs [36,37]. The application of nanomedicine in cancer 
is promising and developing rapidly, with numerous studies on NPs relevant to 
the diagnosis and treatment of cancer already reaching the clinical research 
stage. For example, the combination of the polyethylene glycolated liposome 
doxorubicin (Caelyx®) and paclitaxel has demonstrated excellent anti-cancer 
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effects and reduced the risk of side effects in the clinical treatment of breast 
cancer (NCT03221881) [38]. The FDA approved liposomes of doxorubicin for 
the clinical treatment of cancer in 1995 [39]. In conclusion, nanomedicine has 
improved the cure rates of cancer by addressing the toxicity and lack of specificity 
of chemotherapeutic drugs. 

Figure 2. The application of Nanomedicine in breast cancer.

Research and applications of lipids in cancer therapy

Lipids are essential components of cells. They are involved in a variety of cellular 
activities, such as membrane synthesis, regulation of intracellular signalling, 
and energy production, immune response, apoptosis, and redox homeostasis, 
by providing energy to living cells [40]. The rapid proliferation of cancer cells 
requires large amounts of energy and nutrients, often leading to competition with 
healthy cells for these resources [41]. In order to meet the energy needs of cancer 
cells, they are forced to change their lipid metabolic profile, i.e. “reprogrammed”. 
Intensive studies on lipid metabolism have revealed that abnormal lipid metabolism 
in cancer, interactions between the tumor microenvironment (TEM) and lipid 
metabolism, and the activation of related oncogenic signaling pathways are the 
main factors contributing to the proliferation and spread of malignant tumors. This 
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reprogramming of lipid metabolism in tumors can regulate various pro-tumorigenic 
functions. Additionally, lipids play a critical role in the expression of immunogenic 
functions in immune-related cells within the TEM [42]. Therefore, the exploration 
of lipids’ role in cancer therapy is increasingly becoming a focal point in cancer 
treatment.

Different types of lipids play distinct roles in tumor progression. Specific studies 
have revealed that certain lipids exhibit cancer-promoting effect. For example, in 
vivo, endogenous sphingolipids (such as sphingomyelin), synthesized from palmitic 
acid and serine or through the cleavage of fatty acid residues from ceramide, 
regulate cell proliferation, migration, and invasion via phosphorylation reactions 
[43,44]. Hiu et al. showed that exogenous palmitic acid (PA) promotes melanoma 
proliferation and invasion by activating the Akt signaling pathway [45]. However, 
not all lipids promote the proliferation and metastasis of tumor cells. Many 
studies have shown that polyunsaturated fatty acids (PUFAs) can inhibit tumor 
development. For example, Zhang et al. found that PUFAs can directly inhibit colon 
cancer proliferation by inhibiting the production of pro-inflammatory cytokines and 
enhancing the production of anti-inflammatory lipoxins [46]. Li et al. showed the 
beneficial effects of n-3 polyunsaturated fatty acids in inhibiting the proliferation of 
prostate cancer cells in a mouse model [47]. Furthermore, a clinical follow-up study 
showed that individuals with a higher intake of n-3 polyunsaturated fatty acids have 
a lower risk of developing breast cancer [48].

Lipid-based therapies have shown great potential in breast cancer management, 
with research focusing on various lipid-based formulations. Specifically, liposomal 
formulations of chemotherapeutic agents and lipid-based NPs for targeted drug 
delivery, and immunomodulatory agents, have demonstrated significant promise in 
this regard. For example, liposomal doxorubicin (Doxil) is a liposomal formulation 
of the chemotherapeutic agent doxorubicin [49]. Doxil has been shown to have 
improved pharmacokinetics and reduced toxicity compared to free doxorubicin, 
making it a promising treatment option for breast cancer [50]. In addition to 
liposomal formulations of chemotherapeutic agents, lipids have also been explored 
as potential targeted drug delivery vehicles. Lipids can be modified to include 
targeting moieties such as antibodies or peptides, which can specifically bind to 
receptors overexpressed on the surface of breast cancer cells [51,52]. Moreover, 
lipids have potential as immunomodulatory agents in breast cancer therapy. Lipid-
based nanoparticles can deliver immunomodulatory agents such as cytokines and 
immunostimulatory nucleic acids to breast cancer cells, stimulating the immune 
system to recognize and eliminate cancer cells. For example, saturated fatty 
acid palmitic acid, encapsulated in PLGA NPs, shows promising anti-tumor and 
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immunomodulatory effects in breast cancer treatment [53]. In conclusion, lipids 
play an important role in the progression of breast cancer, and exploring the role of 
lipids in cancer therapy is becoming a focal point in the treatment of breast cancer.

Exploration and application of Nanomedicine in skin cancer

The emergence of nanomedicine has also brought new hope for the treatment of 
skin cancer. According to the latest data, breast cancer and skin cancer (melanoma 
and squamous cell carcinoma of the skin) are among the types of cancer that have 
seen the fastest rise in new cases in recent years [23]. Skin cancer encompasses 
three main types: basal cell carcinoma, cutaneous squamous cell carcinoma 
(cSCC), and melanoma (Fig. 3). Of these, cSCC consists of malignant proliferating 
cells that can rapidly invade the dermis from the epidermis and metastasize to 
other parts of the body or lymph nodes. Melanoma, being highly metastatic and 
aggressive, can be fatal and is often treated as a systemic disease. Treatment of 
skin cancer is often influenced by factors such as its location, lesion distribution, 
and migration extent [54]. Surgical procedures (such as curettage, laser treatment 
or dermabrasion) primarily target single visible lesions, but they often come with 
side effects like severe disfigurement, edema, ulceration, or scarring. In cases 
where surgery is not feasible, radiotherapy, chemotherapy, or immunomodulatory 
drugs are administered orally, parenterally, or topically. While oral and parenteral 
drugs may lead to systemic side effects, topical administration through the skin 
is gaining attention for its ability to directly target the tumor site, bypassing first-
pass metabolism [55]. However, the cure rate for topical administration is low, 
and prolonged use may induce severe inflammation or systemic toxicity [56]. 
There is an urgent need to explore ways to reduce or eliminate the serious side 
effects associated with conventional therapies. To this end, scientists are exploring 
how the unique properties of nanocarriers can be used to slow drug release, 
enhance drug targeting, prolong drug retention in the tumor, and thereby reduce 
drug dose and toxicity. It has been reported that NPs carrying chemotherapeutic 
drugs can penetrate the skin and remain at the tumor site through sweat glands, 
sebaceous glands, hair follicles [57], and follicular sebaceous glands [58], which 
would improve the specificity and therapeutic efficacy of the drug [59,60]. Various 
nanocarriers have been developed based on the characteristics of inorganic 
and organic nanocarriers that effectively deliver drugs and genes and act on 
the tumor microenvironment, immunomodulation, and tumors (Fig. 3). Although 
the use of nanomedicines in skin cancer has been widely explored, the clinical 
application of nanomedicine-based topical therapies continues to progress. Overall, 
nanomedicine presents a promising strategy for improving the treatment of skin 
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cancer, particularly for patients unsuitable for traditional treatments.

Figure 3. The application of Nanomedicine in skin cancer.

Aims of this thesis

While various approaches to cancer treatment exist, research combining multiple 
treatment modalities, such as targeting the tumor immune microenvironment 
with the assistance of lipids, chemotherapy and nanomedicine, is relatively rare. 
Moreover, obtaining accurate information about drug distribution in vivo remains 
challenging. Although many studies target TAMs and CAFs, there is a significant 
gap in research focusing on reversing M2-TAMs to M1-TAMs and inhibiting CAFs 
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activity. Therefore, this thesis explored different innovative strategies in combination 
with chemotherapy. The first aim of the thesis is to track the distribution of drugs 
in vivo by exploiting the imaging capabilities of rare-earth doped nanoparticles 
(RENPs) and combining them with DOX@PLGA NPs to construct a real-time 
monitoring chemotherapy platform with tracking and therapeutic capabilities. The 
second aim of this thesis is to screen lipids that possess the ability to convert M2-
TAM to M1-TAM, and to overcome the limitations of lipid insolubility in water and the 
severe side effects caused by doxorubicin chemotherapy, by using biodegradable 
PLGA to encapsulate the lipids and doxorubicin. The use of nanomedicine aims 
to improve the biocompatibility and bioavailability of lipids and chemotherapeutic 
drugs and explore the impact of lipids on the tumor immune microenvironment in 
vivo. Finally, to evaluate the efficacy of nanomedicines in skin cancer treatment, 
the thesis constructs a full-thickness model (FTM) of melanoma and cutaneous 
squamous cell carcinoma (cSCC) containing CAFs. The FTM allows for targeted 
exploration of new methods for skin cancer treatment without interference from 
non-target cells and provides a solid foundation for future research.

Outline of this thesis

This introduction introduces the background of this thesis topic in detail. It begins 
with a brief introduction to the current problems facing cancer treatment and the 
promise that the advent of nanomedicine holds for cancer treatment, giving an 
initial insight into the strategies used to treat cancer using nanomedicine. This is 
followed by an analysis of the research areas in nanomedicine, the classification of 
NPs and the main issues in current clinical research in nanomedicine, to give the 
reader a better understanding of the applications of different types of NPs. We then 
detail the current dilemmas facing the treatment of breast and skin cancers, and 
the exploration and application of nanomedicine in breast and skin cancers. Finally, 
we detail the exploration and application of lipids in the treatment of cancer.

In chapter 2 we developed a real-time monitoring chemotherapy platform capable 
of diagnosis and therapy by combining PLGA NPs loaded with chemotherapeutic 
drugs (doxorubicin) and CaF2:Y, Nd NPs. The physical properties, drug release 
rate, and NIR-II imaging capabilities were evaluated through experimental data 
analysis. In addition, the NPs were combined with EGF in order to enhance the 
targeting ability of the NPs on breast cancer cells.

To gain a more comprehensive and detailed understanding of the role of TAM in 
the tumor microenvironment (TME) in regulating anti-tumor and tumor promotion 
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and the progress of research on nano-drugs targeting TAM and TEM, we have 
conducted a thorough review of relevant literature. We analyze the current status 
of nano-drugs targeting tumor-associated macrophages and the passive and active 
TAM targeting strategies for tumor treatment potential in chapter 3. This analysis 
serves as the foundation for designing and studying nanoparticles tailored to 
modulate the TME, with a focus on combined chemotherapy for cancer treatment.

Tumor-promoting M2-type macrophages and anti-tumor M1-type macrophages 
in the tumor microenvironment play an inverse role in tumor proliferation and 
migration. In light of this, we propose a therapeutic strategy aimed at reversing M-2 
type macrophages to M1 type macrophages in chapter 4. In this study, we focus 
on the role of the natural lipids including docosahexaenoic acid (DHA), ceramide 
(Cer), sphingomyelin (SM) and palmitic acid (PA) on the proliferation, migration 
and invasion of breast cancer cells. Furthermore, we analyze their effects on the 
M2-TEM phenotype and the proliferation and migration of lipid-treated M2-TEM 
cells against 4T1 cells. Among them, PA and Cer exhibited the ability to induce the 
reversal of M2-TEM to M1-TEM, effectively suppressing tumor cell growth.

To address the challenges arising from the poor water solubility and cell 
permeability of PA, as well as the severe side effects associated with DOX, the 
chapter 5 proposes employing PLGA NPs as carriers. These PLGA NPs are 
designed to encapsulate PA and/or DOX, aiming to explore the potential of PA as 
a standalone therapeutic agent or in combination with DOX for eradicating breast 
tumors. The chapter discusses the efficacy of these NPs in inhibiting breast tumor 
growth and proliferation using a 4T1 breast tumor model. Furthermore, it delves 
into an in-depth analysis of the impact of PA-encapsulated NPs on repolarizing 
M2 macrophages to the M1 phenotype in vitro and their role in immune regulation 
within the tumor microenvironment in vivo.

Cancer-associated fibroblasts (CAFs) are a crucial component of the tumor 
microenvironment and play a significant role in the proliferation and migration of 
skin cancer. The emergence of nano-drug delivery systems has introduced novel 
approaches for the treatment of skin cancer. Among these, topical drug delivery 
offers advantages such as bypassing the first-pass effect in the liver and enhancing 
local therapeutic effects. In chapter 6, full-thickness model (FTM) containing CAFs 
and either melanoma or cutaneous squamous cell carcinoma (cSCC) is used as a 
skin cancer model. The aim is to investigate the efficacy of nano-delivery systems in 
penetrating the tumor skin tissue to reach the tumor microenvironment and achieve 
anti-tumor effects. Specifically, two topical drug delivery methods, intradermal 
injection, and topical application, are compared to assess their effectiveness.
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The research findings are summarized and discussed in chapter 7. Additionally, 
the paragraph explores the challenges and opportunities for this line of research in 
the future of cancer treatment.
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