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Abstract 

Using the special qualities of nanoparticles to improve drug delivery and therapeutic efficacy, nanotherapeutics has become a 

game-changing method of treating cancer. Conventional cancer treatments, such as radiation, chemotherapy, and surgery, 

frequently have drawbacks such systemic toxicity, non-specific targeting, and drug resistance. These formulations enhance the 

delivery of immunotherapeutic and nucleic acids while enhancing chemotherapeutics' pharmacokinetics and bioavailability. 

Prominent FDA-approved nanotherapeutics like Abraxane® and Doxil® serve as examples of this strategy's clinical 

effectiveness. Biological barriers that prevent efficient drug transport, regulatory obstacles that make clinical translation more 

difficult, and safety worries about long-term toxicity still pose problems despite these developments. To overcome current 

obstacles and fully utilize nanotechnology in oncology, more research is necessary. 
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Introduction 

Cancer is a major global health issue affecting millions 

worldwide [1]. In 2022, about 20 million new cases and 9.7 

million deaths were reported, and annual cases may rise to 

nearly 30 million by 2040 [2]. The burden is greater in low- 

and middle-income countries due to limited access to early 

diagnosis and effective treatment [3]. This highlights the 

need for improved therapeutic strategies, including 

nanotherapeutics [4]. 

Nanotherapeutics involve the use of nanoscale materials (1–

100 nm) to develop advanced drug delivery systems [5]. Due 

to their small size and modifiable surface properties, 

nanoparticles can enhance drug solubility, stability, and 

bioavailability while enabling targeted delivery to tumors [6]. 

A major benefit is precise drug targeting [7]. Conventional 

chemotherapy often damages healthy cells along with 

cancer cells [8], causing severe side effects and limiting 

treatment success [9]. In contrast, nanotherapeutics can target 

tumor-specific markers, improving efficacy and reducing 

toxicity [7]. They may also help overcome drug resistance in 

cancer therapy [10]. Additionally, nanoparticles can carry 

chemotherapeutic agents, nucleic acids, and 

immunotherapeutics [11], demonstrating strong potential to 

improve survival outcomes [12]. 

In summary, nanotherapeutics represent a significant 

advancement in oncology [13]. By integrating 

nanotechnology with conventional treatments, they enhance 

effectiveness, lower toxicity, and support personalized 

medicine approaches [14]. Further discussion will explore 

their mechanisms, benefits, challenges, and future prospects 

in cancer treatment [15]. 

 

Nanotherapeutics 

Nanotherapeutics is a multidisciplinary field integrating 

nanotechnology with therapeutic applications, particularly 

in cancer treatment [16]. It focuses on using nanoparticles (1–

100 nm) to improve the efficacy and safety of anticancer 

therapies [17]. This approach addresses limitations of 

conventional treatments, including non-specific drug 

distribution, systemic toxicity, and drug resistance [18]. 

 

Definition and Types of Nanoparticles 

The size and distinct physicochemical characteristics of 

nanoparticles set them apart from their bulk counterparts. 

Cancer treatment uses a variety of nanoparticle kinds, each 

with unique properties and uses [19]. 

 

Liposomes in Cancer Therapy 

Because they are spherical vesicles made of phospholipid 

bilayers encasing an aqueous core, liposomes are 

exceptionally successful drug delivery vehicles in cancer 

treatment [20]. Because of their special structure, both 

hydrophilic and hydrophobic medications can be 

encapsulated, offering a range of therapeutic applications 

[21]. Liposomes have drawn a lot of attention since Alec 

Bangham discovered them in the 1960s because of their 

capacity to boost the therapeutic efficiency of several 

anticancer medicines, decrease systemic toxicity, and 

improve the pharmacokinetic characteristics of medications 

[22]. 

 

Composition and Structure 

Phospholipids, which can be produced chemically or 

obtained naturally (such as soy lecithin), make up the 

majority of liposomes [23, 24]. A liposome's fundamental 

structure is made up of: 

 

Phospholipid Bilayer 

This bilayer, which makes up the liposome's outer shell, can 

be altered with various lipid compositions to improve 

stability and usefulness [24]. While the hydrophobic (water-

repelling) tails of the phospholipids face inward, away from 

water, the hydrophilic (water-attracting) heads face outward 

toward the aquatic environment [23]. 
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Aqueous Core 

Hydrophilic medications can be encapsulated in the 

liposome's core cavity for controlled release and degradation 

prevention. This characteristic is especially advantageous 

for chemotherapeutic drugs that are soluble in water [25]. 

 

 
 

Fig 1: Structure of Liposome 
 

Cholesterol 

Cholesterol improves the stability and fluidity of liposomes 

and is frequently integrated into the lipid bilayer. It can 

affect medication release profiles and aids in maintaining 

membrane integrity during bloodstream circulation [26]. 
 

Surface Modifications 

To increase targeting capabilities and circulation time, 

liposomes can be functionalized with polyethylene glycol 

(PEG) or other targeting ligands [27]. PEGylation increases 

the liposome's half-life in circulation by decreasing immune 

system recognition [28]. Liposomes are usually between 50 to 

several micrometers in size [29, 27]. Larger liposomes may 

collect more efficiently in tumors because of the Enhanced 

Permeability and Retention (EPR) effect, but smaller 

liposomes typically have superior tissue penetration and 

cellular uptake. [30] 

 

2.3 Advantages of Liposomal Formulations 

Liposomes provide several advantages over conventional 

drug delivery systems [31, 27]. 

 

Improved pharmacokinetics: Liposomal formulations 

often exhibit prolonged circulation due to their size and 

surface modifications that help evade immune clearance, 

enabling sustained drug exposure at tumor sites [32, 33]. 

 

Reduced toxicity: Drug encapsulation in liposomes can 

significantly lower systemic toxicity, including doxorubicin-

associated cardiotoxicity, thereby improving patient 

tolerability and quality of life [34, 35]. 

 

Versatile drug loading: Liposomes can carry diverse 

therapeutic agents such as small molecules, proteins, nucleic 

acids, and imaging compounds for theranostic applications, 

supporting personalized treatment strategies [36]. 

 

Enhanced solubility: By improving aqueous solubility of 

poorly soluble chemotherapeutics, liposomal systems 

facilitate intravenous administration and better drug 

absorption [37, 38]. 

 

Clinical Applications 

Many liposomal formulations have been created and 

authorized for use in cancer treatment in clinical settings. 

Among the noteworthy instances are 

 
Table 1: Example of Liposomal Formulations 

 

Liposomal Drug Active Ingredient Indication Approval Year 

Doxil® (liposomal doxorubicin) Doxorubicin Breast cancer, ovarian cancer 1995 

Abraxane® (albumin-bound paclitaxel) Paclitaxel Metastatic Breast Cancer 2005 

Marqibo® (liposomal vincristine) Vincristine Acute Lymphoblastic Leukaemia 2012 

Onivyde® (liposomal irinotecan) Irinotecan Metastatic pancreatic cancer 2015 

 

Challenges and Limitations 

Liposomal formulations offer benefits but also present 

limitations. Although EPR-based targeting improves tumor 

drug accumulation, it does not ensure complete specificity, 

allowing distribution to healthy tissues and possible side 

effects [39, 40]. Their preparation requires complex and costly 

techniques, such as thin-film hydration and microfluidics, 

and variability in manufacturing can hinder batch 

consistency [41]. While liposomes generally lower systemic 

toxicity compared with free drugs, hypersensitivity reactions 

and lipid-related toxicities may still occur [42]. Moreover, 

clinical translation of new liposomal systems is often 

delayed due to strict regulatory requirements and extensive 

safety assessments [43]. 

 

Polymeric Nanoparticles in Cancer Therapy 

Polymeric nanoparticles (PNPs) have become important in 

modern cancer therapy due to their versatile drug delivery 

capabilities [44]. Typically ranging from 10–1000 nm, these 

carriers can encapsulate or conjugate diverse agents such as 

chemotherapeutics, proteins, and nucleic acids [45]. Their 

unique physicochemical properties enable targeted tumor 

delivery, improved bioavailability, and controlled drug 

release, helping overcome limitations of conventional 

treatments [46]. 

 

Types of Polymeric Nanoparticles 

Based on their composition and structure, polymeric 

nanoparticles can be divided into different groups. Each 

variety has unique traits and uses that increase their 

usefulness in cancer treatment [47] 

 

Polymeric Micelles 

Polymeric micelles, which are created when amphiphilic 

block copolymers self-assemble in aqueous solutions, 

usually include a hydrophilic shell that improves solubility 

and stability in circulation and a hydrophobic core that can 

encapsulate hydrophobic medications (such as doxorubicin 

and paclitaxel) [48]. Polymeric micelles can be passively 

targeted via the Enhanced Permeability and Retention (EPR) 

effect because of their typical size range of 10 to 100 nm [49]. 

Their capacity to solubilize medications that are poorly 

soluble in water is especially advantageous for enhancing 

the bioavailability of specific chemotherapeutics [50] 
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Nanospheres and Nano capsules 

Solid polymeric particles known as nanospheres have the 

ability to either adsorb pharmaceuticals onto their surface or 

encapsulate them within their matrix [51]. Because of their 

porous porosity, they are frequently employed for prolonged 

drug release [52]. In contrast, a polymeric shell enclosing a 

drug-containing liquid core makes up nanocapsules [53]. Both 

kinds can be designed for certain release profiles, enabling 

regulated distribution over long timeframes [51, 53]. 

 

 
 

Fig 2 : Polymeric Nanoparticle 

 

Nanogels 

In watery settings, these three-dimensional networks of 

crosslinked polymers swell [54]. Controlled medication 

release in response to particular conditions within the tumor 

microenvironment is made possible by nanogels' ability to 

react to environmental stimuli like pH, temperature, or ionic 

strength [55]. Because of their reactivity, nanogels are very 

appealing for site-specific therapeutic delivery [56]. 

 

 
 

Fig 3 : Structure of Drug Loaded Nanogel 

 

 

Polymerases 

The bilayer structure of polymerases, which are similar to 

liposomes but composed of block copolymers, enables the 

encapsulation of both hydrophilic and lipophilic 

medications [57]. They are good options for combination 

therapy where several medications must be administered at 

once due to their stability and capacity to carry heavier 

payloads [58]. 

Mechanisms of Action 

The two main ways that polymeric nanoparticles improve 

medication delivery are passive targeting and active 

targeting [59]. 

 

Passive Targeting 

This method takes use of the EPR effect, which occurs when 

nanoparticles preferentially gather in tumor tissues as a 

result of the tumors' leaky vasculature [60]. Nanoparticles can 

enter the tumor interstitial because tumor blood arteries are 

frequently more permeable than those in healthy tissues [61]. 

Furthermore, tumors have inadequate lymphatic drainage, 

which makes it easier for nanoparticles to stay in the tumor 

microenvironment [62]. Higher local concentrations of 

therapeutic drugs at the tumor site are made possible by this 

passive accumulation, which also reduces systemic exposure 

and any adverse consequences [63]. 

 

Active Targeting 

PNPs can selectively bind to receptors that are 

overexpressed on cancer cells by functionalizing their 

surface with certain ligands, such as peptides, antibodies, or 

small molecules [64, 65]. For example, folate-conjugated 

nanoparticles are very useful for targeted administration 

since folate receptors are frequently overexpressed in some 

malignancies (such as ovarian cancer) [66, 67]. Through 

receptor-mediated endocytosis, this tailored contact 

increases cellular absorption in addition to improving drug 

delivery selectivity [68]. Stimuli-responsive nanoparticles, 

which release their payload in response to particular 

environmental triggers (such as pH changes or enzyme 

activity), may also be used in active targeting tactics [69]. 

 

Advantages of Polymeric Nanoparticles 

Polymeric nanoparticles (PNPs) offer multiple advantages 

in cancer therapy. 

 

High drug loading: Their porous or core–shell structure 

enables encapsulation of substantial amounts of therapeutic 

agents, allowing effective treatment at lower doses and 

reducing dose-related side effects [70, 71]. 

 
Controlled release: Drug release can be tailored by 

modifying polymer composition. Hydrophilic polymers may 

allow faster release, whereas hydrophobic polymers provide 

sustained delivery, maintaining therapeutic levels and 

minimizing toxic peak concentrations [72–74]. 

 

Biocompatibility and biodegradability: Many PNPs are 

made from biocompatible, biodegradable polymers that 

minimize immune reactions and gradually degrade after 

drug delivery, reducing long-term toxicity [75–77]. 

 

Versatility: PNPs can co-deliver multiple drugs for 

combination therapy, which is beneficial in managing 

complex cancers requiring multi-targeted approaches [78, 79] 

 

Challenges 

Despite their potential, several challenges hinder the clinical 

translation of polymeric nanoparticles. These include [80]: 
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Manufacturing Consistency: For clinical applications, 

batch-to-batch uniformity in nanoparticle synthesis is 

essential [81]. 

 

Regulatory Hurdles: Navigating regulatory pathways for 

approval can be complex due to the novel nature of 

nanomedicine [82]. 

 

In Vivo Stability: Maintaining stability in biological 

environments while ensuring effective drug release remains 

a challenge [83]. 

 

Current Applications 

Polymeric nanoparticles have shown promise across various 

cancer types. Below is a summary table highlighting some 

notable applications [84]: 

 
Table 2: Types of Polymeric Nanoparticle 

 

Type of Polymeric 

Nanoparticle 
Size Range (nm) Therapeutic Agent(s) Cancer Type(s) Key Features 

Polymeric Micelle 10 - 100 Doxorubicin Breast cancer Enhanced solubility; reduced side effects 

Nanosphere 100 - 500 Paclitaxel Colorectal cancer Sustained release; improved bioavailability 

Nanogel 50 - 300 Cisplatin Lung cancer Stimuli-responsive; controlled drug release 

Dendrimer 5 - 20 RNA therapeutics Brain cancer High drug loading efficiency; targeted delivery 

Polymersome 100 - 500 Combination therapies Various cancers Dual-drug delivery; enhanced targeting apabilities 

 

Dendrimers in Cancer Therapy 

Structural Properties of Dendrimers 

Multivalency: Dendrimers possess multiple terminal 

functional groups that can be modified to attach drugs, 

imaging agents, or targeting ligands, enabling simultaneous 

delivery and enhanced interaction with biological targets [89]. 

 

Nanoscale size: Typically measuring 1–10 nm, dendrimers 

can cross biological membranes and accumulate in tumors 

via the EPR effect, while their small size supports improved 

circulation time [90]. 

 

Monodispersity: Their highly branched architecture results 

in uniform size and shape, ensuring reproducible drug 

delivery with consistent pharmacokinetic and 

pharmacodynamic behavior [91]. 

 

Surface Functionalization: Researchers can customize 

dendrimers' characteristics for particular uses by altering 

their surface chemistry. Terminal groups, for instance, can 

be changed to increase solubility, boost biocompatibility, or 

make it easier to target particular cell types. 

 

 
 

Fig 4 : Structure of Dendrimers 

 

Mechanisms of Action 

Dendrimers can deliver anticancer drugs through several 

mechanisms: 

 

Physical Encapsulation: Non-covalent interactions like 

hydrogen bonds and van der Waals forces can physically 

trap drugs inside the dendrimer structure. Drugs can be 

released to the tumor site gradually over time thanks to this 

encapsulation, which enables regulated release patterns [92]. 

Covalent Conjugation: Chemical bonds can be used to 

covalently attach therapeutic substances to the surface of the 

dendrimer [93]. This technique gives the medication stability 

and guarantees that it stays attached until it reaches the 

intended location. Additionally, precise control over drug 

loading and release rates is made possible via covalent 

conjugation [94]. 

 

Electrostatic Interactions: Charged drugs can interact with 

the charged surface of dendrimers through electrostatic 

forces. This mechanism facilitates drug loading into the 

dendrimer and can influence the release profile based on 

changes in environmental conditions (e.g., pH) [195]. 

 

Receptor-Mediated Endocytosis: Certain ligand-

functionalized dendrimers can attach to receptors that are 

overexpressed on cancer cells, such as HER2 or folate 

receptors. Through receptor-mediated endocytosis, this 

specific connection improves cellular uptake and makes it 

possible to deliver therapeutic drugs more effectively 

straight into cancer cells. 

 

Applications in Cancer Therapy 

Dendrimers have been explored for various cancer therapy 

applications. 

 

Targeted drug delivery: Surface modification with ligands 

such as antibodies or small molecules enables tumor-

specific targeting. For example, trastuzumab-conjugated 

PAMAM dendrimers enhance docetaxel delivery and 

apoptosis in HER2-positive breast cancer cells compared 

with non-targeted systems [96, 97]. 
 

Combination therapy: Dendrimers can co-deliver multiple 

agents or integrate modalities like chemotherapy and 

photothermal therapy, producing synergistic anticancer 

effects in preclinical models [98]. 
 

Diagnostic use: Conjugation with MRI contrast agents or 

fluorescent dyes allows improved tumor imaging and 

detection through tunable physicochemical properties [99]. 
 

Gene delivery: Their ability to encapsulate nucleic acids 

supports gene therapy applications, including delivery of 

plasmid DNA or siRNA targeting oncogenes to suppress 

tumor growth [100]. 
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Theranostics: Dendrimer platforms can combine therapy 

and imaging, enabling simultaneous drug delivery and real-

time monitoring of treatment response [101]. 

Advantages of Using Dendrimers in Cancer Treatment 

Dendrimers provide a number of strong benefits over 

traditional drug delivery methods, including: 

 
Table 3: Advantages of Dendrimers in Cancer Treatment 

 

Advantages Description 

Controlled Release 
Through a variety of processes, including covalent conjugation and physical encapsulation, dendrimers allow 

for the prolonged release of medications at the tumor site. This lessens systemic negative effects while 
increasing treatment efficacy. 

Targeted Delivery 
By functionalizing with particular ligands, cancer cells can be targeted specifically, reducing harm to healthy 

tissues and improving the efficacy of treatment. 

High Drug Loading Capacity 
Because of its high surface area-to-volume ratio and branching structure, dendrimers can encapsulate a 

sizable number of medicinal drugs 

Biocompatibility 
Many dendrimer formulations are biocompatible and biodegradable, reducing toxicity concerns associated 

with traditional chemotherapeutics while enhancing patient safety. 

Versatility 
The ability to modify surface chemistry allows for customization based on specific therapeutic needs or 

targeting requirements, enabling tailored treatment strategies. 

Multifunctionality 
Dendrimers can improve overall treatment efficacy and monitoring capacities by delivering numerous 

therapeutic agents at once or combining therapeutic and diagnostic functions on a single platform. 

 
Challenges 
Despite their potential benefits, several challenges remain in 
the clinical application of dendrimers: 
 

Toxicity Concerns: While many dendrimer formulations 
are biocompatible, some may exhibit cytotoxicity depending 
on their size, charge, and surface modifications. 
Understanding these interactions is crucial for developing 
safe formulations [102]. 
 

Regulatory Hurdles: The complex nature of dendrimer 
formulations may pose challenges in regulatory approval 
processes compared to conventional therapies. 
Comprehensive studies on safety and efficacy are essential 
before clinical use. 
 

Scalability of Production: The synthesis of dendrimers can 
be complex and costly due to multi-step processes required 
for their preparation and functionalization. Developing 
scalable manufacturing methods is vital for widespread 
clinical adoption. 
 

Solid Lipid Nanoparticles (SLNs) in Cancer Therapy 
Solid lipid nanoparticles (SLNs), which combine the 
benefits of conventional drug delivery methods with the 
special qualities of nanotechnology, have become a very 
promising platform in cancer therapy. These solid lipid-
based nanoparticles offer improved stability and regulated 
release of therapeutic ingredients because they stay solid at 
body temperature as well as room temperature. The 
composition, manufacturing processes, mechanisms of 
action, benefits, and current uses of SLNs in cancer 
treatment are all thoroughly examined in this section [103]. 
 

Composition and Structure 
Biocompatible and biodegradable lipids, which might be 
synthetic or natural, make up the majority of SLNs. The 
lipid selection is important since it affects the nanoparticles' 
stability, release kinetics, and drug loading capacity, among 
other physicochemical characteristics. Lipids that are 
frequently utilized in SLN formulations include. 
 

Triglycerides: These are esters derived from glycerol and 
three fatty acids. Tristearin and tripalmitin are examples that 
provide a stable matrix for drug incorporation while being 
well-tolerated by the body [104]. 

Fatty Acids: It is possible to improve the characteristics of 

SLNs by using fatty acids like palmitic or stearic acid. 

These lipids help create the solid-state properties required to 

keep things stable while being administered and stored [105]. 

 

Phospholipids: Compounds like phosphatidylcholine can 

be included to improve biocompatibility and facilitate 

interactions with cell membranes. Phospholipids help to 

stabilize SLNs through their amphiphilic nature, allowing 

for better dispersion in biological fluids. 

Therapeutic chemicals are encapsulated in a solid lipid core 

that makes up the structure of SLNs., surrounded by 

surfactants that stabilize the nanoparticle formulation. 

Surfactants such as polysorbates or cetyl alcohol are often 

employed to prevent aggregation and maintain a uniform 

size distribution [106]. 

 

 
 

Fig 5 : Structure of Solid Lipid Nanoparticle 

 

Production Methods 

There are various methods for formulating SLNs, and each 

has unique benefits in terms of repeatability, scalability, and 

control over particle properties: 

High-Shear Homogenization This technique uses high-speed 

mixing to get lipid droplets down to the nanoscale. The lipid 

phase must normally be heated above its melting point 

before being emulsified in an aqueous phase that contains 

surfactants. Solidification is made possible by cooling after 

homogenization. This method's simplicity and capacity to 

generate SLNs with tight size distributions make it popular. 
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Microemulsion-Based SLN: In this technique, 

microemulsions serve as templates for SLN formation [107]. 

A microemulsion is formed by mixing oil, water, and 

surfactants under specific conditions. Upon cooling or upon 

dilution with water, solid lipid nanoparticles precipitate out 

from the microemulsion. Compared to other approaches, 

this technology offers greater control over drug loading and 

particle size. 

 

Supercritical Fluid Technology: This advanced method 

utilizes supercritical fluids (such as carbon dioxide) to 

dissolve lipids and drugs under high pressure. The rapid 

depressurization leads to nanoparticle formation through 

precipitation. This technique offers benefits such as solvent-

free processing and high purity but may require specialized 

equipment. 

 

Spray Drying: In spray drying, a liquid formulation 

containing lipids and drugs is atomized into a hot gas 

stream, rapidly evaporating the solvent and resulting in dry 

nanoparticles [147]. This method is advantageous for 

producing large quantities of SLNs but may require 

optimization to ensure adequate drug encapsulation [148]. 

 

Solvent Emulsification/Evaporation: With this method, 

pharmaceuticals and lipids are dissolved in organic solvents 

and subsequently emulsified in an aqueous phase that 

contains surfactants [149]. Solid nanoparticles are created 

when the organic solvent is subsequently evaporated at a 

lower pressure. Although this approach is flexible, it 

necessitates careful solvent selection to guarantee 

biocompatibility [150]. 

 

Mechanisms of Action 

SLNs enhance drug delivery through several key 

mechanisms: 

 

Passive Targeting via EPR Effect: Because the endothelial 

cells that line the tumor vasculature are faulty, tumors 

frequently have aberrant blood vessel architectures that are 

characterized by increased permeability [151]. Tumors also 

have inadequate lymphatic drainage networks. Through the 

Enhanced Permeability and Retention (EPR) effect, these 

properties enable the passive accumulation of nanoparticles 

within tumor tissues [152]. SLNs can thereby increase local 

concentrations at tumor locations while limiting exposure to 

healthy organs, which is crucial for lowering the systemic 

toxicity linked to traditional chemotherapy [153]. 

 

Active Targeting: Targeting ligands, such as antibodies, 

peptides, or small compounds that selectively bind to 

receptors overexpressed on cancer cells (such as HER2 or 

folate receptors), can be functionalized with SLNs to further 

improve specificity [154]. By increasing cellular uptake 

through receptor-mediated endocytosis, this active targeting 

mechanism makes sure that therapeutic drugs are 

predominantly supplied to cancer cells rather than healthy 

cells [155]. These changes not only increase the effectiveness 

of treatment but also lessen the negative consequences of 

non-specific drug distribution [156]. 

 

Advantages of Solid Lipid Nanoparticles 

Solid lipid nanoparticles (SLNs) provide key benefits for 

cancer drug delivery. Their solid lipid matrix enhances 

stability, prolonging shelf life and maintaining drug potency 
[157]. By adjusting lipid and surfactant composition, SLNs 

enable sustained release, preserving therapeutic levels while 

reducing peak-related toxicity [158]. Encapsulation improves 

solubility and bioavailability of hydrophobic drugs such as 

paclitaxel and curcumin [159]. Targeted delivery decreases 

systemic exposure to cytotoxic agents, minimizing 

chemotherapy side effects and improving quality of life [160]. 

Moreover, SLNs allow multifunctional use, including co-

delivery of drugs and integration of imaging agents for 

combination and diagnostic applications [161] 

 

Current Applications 

Numerous studies have explored the potential applications 

of SLNs for delivering various anticancer agents across 

different types of cancers [163]. 

These applications highlight how SLNs can be tailored for 

specific therapeutic needs across various cancer types while 

addressing issues related to drug solubility, stability, and 

targeting efficiency [167]. 

 

Advantages of Nanotherapeutics in Cancer Treatment 

Nanotherapeutics have revolutionized cancer treatment by 

providing significant advantages over traditional therapeutic 

modalities [168]. Among these advantages, improved drug 

delivery stands out as a critical factor that enhances the 

efficacy and safety of cancer therapies [169]. This section will 

explore two primary aspects of improved drug delivery: 

enhanced bioavailability and pharmacokinetics, as well as 

focused administration to tumor locations to reduce adverse 

effects [170]. 

 

Improved Drug Delivery 

Enhanced bioavailability and pharmacokinetics: 

Nanotherapeutics improve anticancer drug solubility, 

circulation time, and distribution, overcoming rapid 

clearance and non-specific delivery seen with conventional 

chemotherapy [171]. Their nanoscale size enables passage 

across biological barriers and prolonged circulation when 

designed above renal clearance limits, increasing plasma 

half-life and sustaining therapeutic levels [172–174]. 

Nanocarriers also enhance tumor accumulation through 

altered biodistribution, mainly via the EPR effect, which 

promotes preferential deposition in tumors and reduces 

systemic toxicity [175–177]. 

 

Targeted tumor delivery: Nanoparticles enable precise 

drug delivery, addressing the poor specificity of traditional 

therapies [178]. Passive targeting uses the EPR effect for 

tumor accumulation [179, 180], while active targeting involves 

ligand attachment—such as antibodies or peptides—to bind 

tumor-specific receptors and enhance receptor-mediated 

uptake [181]. This strategy improves cellular internalization 

and minimizes off-target effects [182]. Examples include 

nanoparticles targeting folate or HER2 receptors, enabling 

selective tumor destruction [183, 184]. Additionally, 

nanotherapeutics support combination therapy by co-

delivering multiple drugs within a single carrier, generating 

synergistic effects with reduced toxicity 

 

Overcoming Drug Resistance 

One of the biggest problems in oncology is cancer 

medication resistance, especially multidrug resistance 

(MDR), which frequently results in treatment failure and 
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subpar patient outcomes. Drug efflux pump overexpression, 

changes in drug targets, modifications in cellular 

metabolism, and the impact of the tumor microenvironment 

on treatment efficacy are some of the pathways that can lead 

to MDR [186]. A possible way to combat these resistance 

mechanisms and improve the efficacy of cancer treatments 

is through nanotherapeutics. The different ways that 

nanotherapeutics can defeat MDR in cancer cells are 

examined in this section [187]. 

Mechanisms by Which Nanotherapeutics Counteract 

Multidrug Resistance (MDR) 

 

Inhibition of Drug Efflux Pumps 

The increase of ATP-binding cassette (ABC) transporters, 

which actively pump chemotherapeutic drugs out of cancer 

cells, lowering their intracellular concentrations and 

potency, is one of the main mechanisms causing MDR [188, 

189]. Drugs can be encapsulated in nanoparticles to avoid 

these transporters or to directly inhibit these efflux pumps. 

For example, it has been demonstrated that specific 

nanoparticle formulations inhibit P-glycoprotein (P-gp), a 

well-known drug efflux pump linked to MDR [190]. 

Researchers can greatly increase the retention of anticancer 

treatments within resistant cancer cells by employing 

nanoparticles that either impede P-gp's function or deliver 

medications in a way that reduces their detection by these 

transporters [191]. 

 

Targeting Tumor Microenvironment: 

The presence of stromal cells, hypoxia, and acidity are some 

of the variables that contribute to the tumor 

microenvironment's critical involvement in establishing 

drug resistance [192]. To improve drug delivery and efficacy, 

nanotherapeutics can be designed to target particular 

elements of the tumor microenvironment [193]. For instance, 

nanoparticles can be engineered to react to the acidic pH 

present in a variety of tumors, facilitating the more efficient 

release of their therapeutic payloads under these 

circumstances. Furthermore, by delivering substances that 

alter the tumor microenvironment itself, including anti-

inflammatory medications or substances that restore blood 

vessel function [194]. 

on, nanoparticles can enhance the overall effectiveness of 

chemotherapy. 

 

Enhanced Intracellular Delivery 

Many traditional chemotherapeutic agents are unable to 

penetrate cellular membranes effectively due to their size or 

hydrophilicity. Nanoparticles can facilitate enhanced 

intracellular delivery by encapsulating these drugs within 

lipid-based carriers or polymeric nanoparticles that promote 

cellular uptake through endocytosis [195]. For instance, 

studies have shown that liposomal formulations can improve 

the delivery of doxorubicin directly into the mitochondria of 

cancer cells, circumventing some of the resistance 

mechanisms associated with cytoplasmic drug efflux. This 

targeted delivery not only increases drug accumulation 

within resistant cells but also allows for localized action at 

critical cellular sites [196]. 

 

Combination Therapy Approaches 

Co-delivery of several therapeutic drugs within a single 

nanoparticle platform is made possible by nanotherapeutics. 

Combination therapies that target multiple drug resistance 

mechanisms at once are made possible by this tactic [197]. For 

instance, nanoparticles can be designed to carry a small 

molecule inhibitor and a chemotherapeutic drug that targets 

particular signaling pathways linked to resistance (e.g., 

PI3K/Akt/mTOR pathways). Combination therapy can be 

used with nanocarriers to increase therapeutic efficacy and 

decrease the risk of resistance development [198]. 

 

Gene Delivery Systems 

Additionally, nanoparticles may be used to deliver genetic 

treatments that target MDR pathways. For example, 

nanoparticle-encapsulated messenger RNA (mRNA) or 

small interfering RNA (siRNA) can be administered to 

cancer cells to express proteins that make cells more 

sensitive to chemotherapy or to silence genes that cause 

treatment resistance [199]. Research has demonstrated that 

delivering siRNA targeting P-gp using lipid nanoparticles 

can effectively reduce its expression and restore sensitivity 

to previously ineffective drugs. This approach represents a 

novel strategy for overcoming MDR by directly addressing 

the molecular underpinnings of resistance [200]. 

 

Exploiting Tumor Heterogeneity: Tumors are often 

heterogeneous, consisting of various cell populations with 

differing sensitivities to treatment. Nanoparticle-based 

therapies can be designed to target specific subpopulations 

within tumors more effectively than conventional therapies 

[201]. By utilizing ligands that bind selectively to markers 

expressed on resistant cell populations or cancer stem cells 

(CSCs), nanotherapeutics can improve treatment outcomes 

by ensuring that these hard-to-target cells are effectively 

treated. This customized strategy lowers the likelihood of 

relapse brought on by lingering resistant cell populations 

and improves overall therapy efficacy [202]. 

 

Versatility in Therapeutic Applications 

Chemotherapeutics, nucleic acids, and Immunotherapeutics 

are just a few of the therapeutic agents that can be delivered 

because to nanotherapeutics' exceptional adaptability in 

cancer treatment applications. One of the main benefits of 

nanotechnology in oncology is its adaptability, which 

enables creative approaches to the intricate problems 

involved in cancer treatment [203]. 

 

Delivery of Various Therapeutic Agents 

Chemotherapeutics: Conventional chemotherapy is limited 

by poor solubility, rapid clearance, and non-specific 

distribution, leading to reduced efficacy and significant side 

effects. Encapsulation of chemotherapeutic agents within 

nanoparticles improves drug stability, solubility, and allows 

controlled release [204]. For example, liposomal doxorubicin 

(Doxil®) extends circulation time and promotes tumor 

accumulation through the EPR effect, enhancing efficacy 

while lowering systemic toxicity [205]. Nanoparticles can also 

co-deliver multiple drugs, enabling synergistic effects and 

reducing drug resistance; combination delivery of 

gemcitabine and paclitaxel has shown improved anticancer 

activity in preclinical studies [206]. 

 

Nucleic Acids: Nanotherapeutics also enable delivery of 

nucleic acids such as plasmid DNA, mRNA, and siRNA, 

offering molecular-level cancer treatment through oncogene 

silencing or tumor-suppressor expression. Clinical use of 

these therapies is limited by poor stability, inefficient 
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transport, and low cellular uptake [207]. Nanoparticles 

address these issues by protecting nucleic acids and 

enhancing intracellular delivery. Lipid nanoparticles have 

demonstrated effectiveness in mRNA-based cancer 

immunotherapy, while polymeric nanoparticles are being 

explored for siRNA delivery to target drug-resistance 

pathways and restore sensitivity to conventional treatments 
[208]. 

 

Immunotherapeutics: Because immunotherapy uses the 

body's immune system to combat tumors, it has 

revolutionized the treatment of cancer. When it comes to 

improving the distribution and effectiveness of 

immunotherapeutic drugs like cancer vaccines, immune 

checkpoint inhibitors, and monoclonal antibodies, 

nanotherapeutics are essential. These medicines can be 

encapsulated in nanoparticles or coupled with targeted 

ligands to improve their ability to interact with immune cells 

[209]. To promote anti-tumor immunity, for instance, 

nanoparticles coated with antibodies or ligands that target 

immunological checkpoints (such PD-1 or CTLA-4) can 

engage T cells more effectively. Furthermore, tumor-

associated antigens can be directly delivered to dendritic 

cells using nanoparticle-based cancer vaccines, enhancing 

antigen presentation and subsequently T cell activation [210]. 

 

Combination Therapies: One of the most intriguing 

features of nanotherapeutics is the capacity to deploy 

several therapeutic modalities inside a single nanoparticle 

platform. Researchers can develop multifunctional 

platforms that treat several facets of tumor biology at once 

by mixing Immunotherapeutics, gene therapies, and 

chemotherapy within a single carrier [211]. In addition to 

improving therapeutic effectiveness, this integrative 

approach may lessen adverse effects linked to high dosages 

of individual medicines. For example, chemotherapeutic and 

immune-stimulating nanoparticles can be used to directly 

kill tumor cells and activate the immune system to fight off 

any disease that may still be present. These combo 

treatments are presently being assessed in clinical trials after 

demonstrating promise in preclinical models [212]. 

 

Current Advances in Nanotherapeutic Strategies 

The field of nanotherapeutics has seen significant advances 

in recent years, driven by innovations in formulation 

technologies, clinical applications, and specific case studies 

that highlight the successful implementation of these 

strategies in cancer treatment. This section will explore 

innovative nanoparticle platforms, an overview of FDA-

approved nanotherapeutics and ongoing clinical trials, and 

specific examples of successful applications in various 

malignancies [213]. 
 

Innovative Formulations and Technologies 

Recent advances in nanotherapeutics have produced 

innovative platforms that enhance drug delivery and 

anticancer efficacy, including albumin-bound nanoparticles 

and exosome-based systems. Albumin-bound formulations, 

such as Abraxane® (albumin-paclitaxel), improve drug 

solubility and tumor targeting by exploiting albumin 

receptors (gp60) overexpressed on cancer cells, promoting 

receptor-mediated uptake and better pharmacokinetics. This 

strategy has shown success in cancers like breast and 

pancreatic tumors where conventional formulations face 

toxicity and solubility limitations [214, 215]. 

Exosome-based therapies use naturally secreted 

extracellular vesicles as biocompatible carriers capable of 

transporting proteins, nucleic acids, and small molecules. 

Their stability and ability to cross biological barriers allow 

targeted delivery to specific cells, making them particularly 

promising for hard-to-reach tumors such as those in the 

brain [216]. 
 

Clinical Applications and Trials 

Clinical progress in nanotherapeutics is expanding, with 

multiple approved formulations and others in trials [217]. 

Doxil® (liposomal doxorubicin) improves pharmacokinetics 

and lowers cardiotoxicity in breast, ovarian, and Kaposi’s 

sarcoma [218]. Abraxane® (albumin-bound paclitaxel) 

enhances solubility and reduces hypersensitivity, with 

approval for metastatic breast and non-small cell lung 

cancers [219]. Oncaspar® (pegaspargase) provides better 

pharmacokinetics for acute lymphoblastic leukemia 

treatment [220]. 

Among investigational agents, Aurimune is being tested for 

targeted immunotherapeutic delivery across cancers [221], 

while CRLX101, a camptothecin-loaded polymeric 

nanoparticle, is evaluated for resistant solid tumors [222]. 

These studies focus on safety, efficacy, and reducing drug 

resistance and non-specific toxicity. 
 

Case Studies 

 
Table 5: Case Study 

 

Category Details 

A. Innovative Formulations and 

Technologies 
 

Albumin-Bound Drugs 
- Example: Abraxane® (paclitaxel bound to albumin) - Enhances drug solubility and targets 

tumor tissues via albumin receptors [227]. 

Exosome-Based Therapies 
- Utilize naturally occurring extracellular vesicles for drug delivery. - Can encapsulate proteins, 

nucleic acids, and small molecules with inherent biocompatibility [228]. 

B. Clinical Applications and Trials  

FDA-Approved Nanotherapeutics 

- Doxil®: For Kaposi's sarcoma, ovarian cancer, and breast cancer, liposomal doxorubicin - 

Abraxane®: Albumin-bound paclitaxel for non-small cell lung cancer and metastatic breast 

cancer - Oncaspar®: For acute lymphoblastic leukemia (ALL), pegylated L-asparaginase is used. 

Ongoing Clinical Trials 

- Aurimune: Evaluating nanoparticle delivery of immunotherapeutic agents in various cancers. - 

CRLX101: Investigating polymeric nanoparticle delivering camptothecin for solid tumors 

resistant to conventional therapies. 

C. Case Studies  

Breast Cancer 
When compared to conventional regimens, Abraxane® has improved overall survival rates for 

metastatic breast cancer. 
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Prostate Cancer 
- Nanoparticles loaded with docetaxel target prostate tumors using ligands that bind to prostate-

specific membrane antigen (PSMA) [229]. 

Ovarian Cancer 
- Doxil® improves progression-free survival in ovarian cancer compared to free doxorubicin 

formulations [230]. 

Pancreatic Cancer 
- Nanoparticles designed for selective release in the acidic tumor microenvironment show 

enhanced efficacy in preclinical models [231]. 

 

Challenges and Limitations 

Although nanotherapeutics show great promise in the 

treatment of cancer, several obstacles and restrictions limit 

their efficacy. The main difficulties about biological 

barriers, legal restrictions, and safety and toxicity issues are 

described in this section. 

 

Biological Barriers 

Biological barriers significantly limit efficient delivery of 

nanotherapeutics to tumors [232]. 

 

Circulatory barriers: After administration, nanoparticles 

must avoid rapid clearance by renal filtration and the 

reticuloendothelial system. Size and surface properties 

influence circulation; smaller particles may be quickly 

excreted, while larger ones show longer retention but 

reduced tumor penetration [233]. 

 

Tumor microenvironment: Tumor heterogeneity, 

abnormal vasculature, and dense extracellular matrix create 

physical obstacles that hinder nanoparticle diffusion and 

uniform drug distribution [234]. 

 

Cellular barriers: Effective therapy requires nanoparticle 

internalization, typically via endocytosis, but many particles 

become trapped in endosomes or lysosomes, limiting 

cytoplasmic drug release [235, 236]. 

 

Tumor heterogeneity: Diverse cancer cell populations with 

variable receptor expression reduce the effectiveness of 

uniformly targeted nanotherapeutics [237]. 

 

Interpatient variability: Differences in tumor biology, 

immune response, and patient health affect treatment 

outcomes and complicate standardized approaches [238]. 

 

EPR limitations: Although the EPR effect promotes tumor 

accumulation, factors such as poor vascularization, high 

interstitial pressure, and lymphatic drainage can restrict 

nanoparticle deposition [239]. 

 

Regulatory Hurdles 

Regulatory challenges can hinder the clinical translation of 

nanotherapeutics in cancer treatment, as approval requires 

extensive preclinical and clinical evidence of safety and 

efficacy [240]. 

 

Formulation complexity: The diversity of nanoparticle 

systems and their interactions with biological environments 

demand detailed characterization, including size 

distribution, composition, surface properties, and 

physiological stability [241]. 

 

Safety evaluation: Assessment must address toxicity from 

both the nanoparticle carrier and the drug, examining 

biodistribution, accumulation in non-target organs, 

immunogenicity, and long-term effects [242]. 

Standardization issues: The absence of uniform evaluation 

protocols creates variability in data interpretation and 

approval processes, highlighting the need for standardized 

manufacturing, quality control, and testing guidelines [243]. 
 

Long Approval Timelines: The rigorous requirements for 

preclinical studies and clinical trials often result in lengthy 

approval timelines for new nanotherapeutic agents. This 

delay can hinder timely access to potentially life-saving 

treatments for patients with cancer [244]. 
 

Safety and Toxicity Concerns 

Although nanotherapeutics enable targeted delivery, they 

present important safety concerns. 
 

Adverse effects: Due to their size and surface properties, 

nanoparticles may trigger toxicity or unintended immune 

responses, including inflammation or hypersensitivity in 

susceptible individuals [245]. 
 

Long-term safety: The consequences of prolonged 

nanoparticle accumulation remain unclear, requiring studies 

on chronic exposure and potential bioaccumulation [246]. 
 

Biological interactions: Nanoparticles can interact with 

proteins, lipids, and nucleic acids, possibly altering cellular 

functions or producing unexpected effects [247]. 
 

Regulatory oversight: Owing to these risks, 

nanotherapeutics face stricter regulatory evaluation, and 

thorough risk assessment is essential to ensure safety and 

approval [248]. 

 

Future Perspectives 

The prospects for nanotherapeutics in cancer treatment is 

promising, with further research and innovation aimed at 

overcoming existing challenges and enhancing therapeutic 

efficacy. This section explores emerging research directions, 

integrative approaches that combine nanotherapeutics with 

other treatment modalities, and the potential for 

personalized medicine tailored to individual patient profiles. 

 

Research Directions 

Emerging technologies and novel nanoparticle designs are at 

the forefront of advancing nanotherapeutics for cancer 

treatment. Recent developments include: 

 

Smart Nanoparticles: These nanoparticles can react to 

environmental stimuli or biological cues, such changes in 

temperature, pH, or certain enzymes present in the tumor 

microenvironment. Smart nanoparticles can release their 

medication payloads selectively at the tumor site by 

integrating sensitive components, increasing therapeutic 

efficacy and reducing off-target effects. For instance, to 

improve the penetration and release of the encapsulated 

medications, nanoparticles may be engineered to contract or 

alter their charge in response to the acidic environment 

characteristic of many cancers [249]. 
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Hierarchical Targeting Technologies: Targeting strategy 

advancements are meant to enhance the accumulation of 

nanotherapeutics inside malignancies. This involves 

focusing on particular cell types or subcellular organelles 

within tumor tissues in addition to the tumor tissues 

themselves [250]. Researchers can increase cellular absorption 

and improve treatment outcomes by functionalizing 

nanoparticles with ligands that bind to antigens or receptors 

unique to tumors [251]. 
 

Artificial Intelligence (AI) Integration: The integration of 

AI in the design and optimization of nanoparticles is an 

exciting frontier. AI can assist in predicting the behaviour of 

nanoparticles in biological systems, optimizing formulations 

for better efficacy, and identifying novel targets for drug 

delivery. This approach could lead to more sophisticated 

nanoparticle designs that minimize adverse effects while 

optimizing therapeutic advantages [252]. 
 

Integrative Approaches 

Combining nanotherapeutics with other treatment modalities 

can significantly improve cancer therapy [253]. 
 

Radiotherapy: Nanoparticles can deliver radiosensitizers 

directly to tumors, enhancing radiation effectiveness while 

limiting damage to surrounding healthy tissues [254]. 
 

Gene therapy: Nanocarriers facilitate delivery of genetic 

materials such as plasmid DNA and siRNA targeting 

oncogenic pathways. Co-delivery with chemotherapeutics 

on a single platform provides synergistic therapeutic effects 
[255]. 
 

Immunotherapy: Nanotherapeutics can strengthen immune 

responses by transporting immune checkpoint inhibitors or 

co-delivering tumor antigens with adjuvants to tumor sites 
[256]. 

 

Personalized medicine: Nanotherapeutics support 

individualized oncology approaches. Tailored nanoparticle 

formulations can be designed using patient-specific genetic 

and tumor profiles to target relevant molecular markers [257]. 

Nanoparticles incorporating imaging agents enable real-time 

monitoring of treatment response and therapy adjustment 
[258]. Additionally, multifunctional personalized nanocarriers 

can address tumor heterogeneity by adapting targeting 

strategies to diverse cancer cell populations [259]. 

 

Conclusion 

Nanotherapeutics offer transformative potential in cancer 

treatment by overcoming limitations of conventional 

therapies. By enhancing pharmacokinetics, improving drug 

uptake, and enabling targeted tumor delivery, nanoparticles 

increase therapeutic efficacy while reducing adverse effects. 

Their ability to bypass biological barriers such as drug 

resistance and tumor heterogeneity makes them a strong 

alternative to traditional approaches. 

Advances in nanotechnology have led to innovative 

systems, including albumin-bound drugs and exosome-

based therapies, many of which are in clinical trials. FDA-

approved formulations like Doxil® and Abraxane® 

demonstrate improved patient outcomes, while ongoing 

research explores combination strategies with 

immunotherapy and radiotherapy to further enhance 

effectiveness. 

Despite progress, challenges remain, including biological 

barriers, safety concerns, and regulatory requirements. 

Continued research is needed to optimize nanoparticle 

design, improve targeting precision, and ensure safety 

through comprehensive evaluation. 

Overall, nanotherapeutics hold significant promise for 

reshaping cancer care, particularly through personalized 

treatment strategies tailored to individual patient profiles, 

ultimately improving survival and quality of life. 
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