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Abstract 

Cancer remains one of the most formidable challenges in global health, characterized by immense 

biological complexity, heterogeneity, and resistance to conventional therapies. Despite significant 

advances in molecular biology and immuno-oncology, limitations in early detection, targeted 

delivery, and therapeutic precision continue to hinder effective management. Over the past two 

decades, nanotechnology has emerged as a transformative platform, offering novel strategies for both 

cancer diagnostics and treatment. Engineered nanomaterials—ranging from liposomes and 

polymeric nanoparticles to quantum dots and metallic nanostructures—enable precise tumor 

targeting, enhanced imaging resolution, and controlled therapeutic release. In diagnostics, nanoscale 

biosensors and imaging probes have revolutionized the sensitivity and specificity of biomarker 

detection and visualization, while in therapeutics, nanocarriers have minimized systemic toxicity and 

improved pharmacokinetics. Recent innovations, including smart and stimuli-responsive 

nanoplatforms, nanorobotics, and integrated “theranostic” systems, are reshaping personalized 

cancer care. However, translational hurdles persist, particularly in large-scale manufacturing, 

biosafety, and regulatory validation. This review critically examines the evolution of nanotechnology 

in oncology, emphasizing current applications, clinical progress, and future prospects toward 

achieving precision nanomedicine in cancer diagnosis and therapy. 

Keywords: nanomedicine; targeted drug delivery; nanocarriers; theranostics; nanodiagnostics 

 

1. Introduction 

Cancer continues to be a major global health challenge, representing one of the leading causes 

of death worldwide. According to the Global Cancer Observatory (GLOBOCAN), more than 19 

million new cancer cases and nearly 10 million deaths were reported in 2022, with projections 

indicating a substantial rise in incidence over the coming decades due to aging populations and 

lifestyle transitions [1,2]. Despite considerable progress in diagnostic imaging, molecular profiling, 

and targeted therapies, survival outcomes remain suboptimal for many malignancies—particularly 

those diagnosed at advanced stages or characterized by aggressive biology [3,4]. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2025 doi:10.20944/preprints202510.2360.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.2360.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 18 

 

1.1. Biological Complexity and Heterogeneity of Tumors 

Cancer is not a single disease but a multifaceted collection of disorders driven by diverse genetic, 

epigenetic, and microenvironmental alterations [5]. Intratumoral heterogeneity—manifested through 

variations in cellular composition, signaling pathways, and metabolic states—contributes to 

therapeutic resistance and disease relapse [6,7]. Furthermore, the dynamic interactions between 

tumor cells and the surrounding stroma, immune components, and extracellular matrix further 

complicate therapeutic efficacy [8]. Such complexity underscores the limitations of conventional 

“one-size-fits-all” approaches and necessitates precision oncology, where diagnosis and treatment 

are tailored to individual tumor profiles [9]. 

1.2. The Need for Precision and Personalization 

Precision medicine aims to integrate molecular biomarkers, genetic signatures, and patient-

specific factors into clinical decision-making [10]. However, while genomic sequencing and targeted 

therapies have advanced this paradigm, several challenges persist—including limited accessibility, 

high cost, and the inability to capture real-time tumor evolution [11,12]. Effective precision oncology 

therefore requires dynamic, minimally invasive, and spatially resolved diagnostic tools capable of 

tracking disease progression and treatment response at the molecular level [13]. 

1.3. Nanotechnology as a Transformative Enabler 

Nanotechnology, broadly defined as the manipulation and application of materials at the 

nanoscale (1–100 nm), offers unprecedented opportunities to bridge the gap between molecular 

insight and clinical intervention [14,15]. The nanoscale dimension allows for enhanced interaction 

with biological systems, enabling controlled delivery of therapeutics, sensitive detection of 

biomarkers, and improved imaging resolution [16]. Importantly, nanomaterials can be engineered 

for multifunctionality—simultaneously serving as diagnostic, therapeutic, and monitoring platforms 

(“theranostics”) [17]. 

Over the past two decades, nanomedicine has evolved from a conceptual innovation to a rapidly 

expanding field with tangible clinical applications [18]. Liposomal formulations such as Doxil® 

(pegylated liposomal doxorubicin) and Abraxane® (albumin-bound paclitaxel) have demonstrated 

how nanocarriers can enhance drug solubility, alter pharmacokinetics, and reduce systemic toxicity 

compared to conventional chemotherapies [19,20]. Concurrently, advances in nanodiagnostics, 

including nanoparticle-based biosensors and imaging probes, have markedly improved sensitivity 

for early cancer detection [21]. 

1.4. Scope of This Review 

This review provides a comprehensive overview of how nanotechnology is redefining the 

landscape of cancer management. We first summarize the limitations of current diagnostic and 

therapeutic modalities, followed by an exploration of the design principles and biological 

mechanisms underlying nanomaterial-based systems. We then discuss recent advances in 

nanotechnology-driven diagnostics and therapies, highlight examples of clinical translation and 

ongoing trials, and examine the challenges that continue to impede widespread implementation. 

Finally, we explore emerging trends—such as smart nanoplatforms, artificial intelligence (AI) 

integration, and personalized nanomedicine—that are shaping the next generation of cancer care. 

2. Conventional Cancer Modalities: A Brief Overview 

Cancer diagnosis and treatment have traditionally relied on well-established clinical modalities. 

Despite decades of progress, conventional approaches exhibit limitations that underscore the need 

for more precise and targeted strategies [22]. 
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2.1. Diagnostic Methods 

Histopathology remains the gold standard for cancer diagnosis, offering detailed morphological 

and cellular insights through tissue biopsies. Despite its high specificity, it is inherently invasive and 

may fail to represent the full extent of tumor heterogeneity [23]. Non-invasive imaging modalities 

such as magnetic resonance imaging (MRI), computed tomography (CT), and positron emission 

tomography (PET) provide valuable anatomical and functional information on tumors. MRI offers 

superior soft-tissue contrast, CT delivers precise anatomical detail, and PET enables metabolic 

imaging through radiolabeled tracers [24]. However, these modalities often lack adequate sensitivity 

for early-stage tumor detection and do not capture molecular-level alterations [25]. Molecular 

diagnostic assays—including polymerase chain reaction (PCR), immunohistochemistry (IHC), and 

next-generation sequencing (NGS)—enable the detection of genetic mutations, epigenetic changes, 

and protein biomarkers. Although these approaches enhance diagnostic precision and support 

personalized therapy decisions, they are typically costly, time-intensive, and require high-quality 

biological samples [26]. 

2.2. Therapeutic Modalities 

Surgical resection remains the primary curative approach for localized tumors; however, 

achieving complete removal can be difficult due to factors such as tumor location, local invasion, or 

the presence of micrometastases [27]. Radiotherapy employs ionizing radiation to eradicate 

malignant cells or inhibit their proliferation, yet despite technological advances such as intensity-

modulated radiotherapy (IMRT), collateral damage to adjacent healthy tissues remains a significant 

concern [28]. Chemotherapy, which utilizes cytotoxic agents to disrupt cell division, is often limited 

by severe off-target toxicity, the emergence of drug resistance, and suboptimal tumor selectivity [29]. 

Immunotherapy—encompassing checkpoint inhibitors and chimeric antigen receptor (CAR)-T cell 

therapies—has transformed the therapeutic landscape by harnessing the immune system’s power to 

combat cancer; nevertheless, clinical responses vary considerably among tumor types, and immune-

related adverse events can be severe or even life-threatening [30]. Similarly, targeted therapies using 

small molecules or monoclonal antibodies against specific oncogenic pathways have shown success 

in genetically defined patient subsets, but resistance commonly arises through pathway redundancy 

and compensatory signaling mechanisms [31]. 

2.3. Limitations of Conventional Modalities 

Despite considerable progress in oncology, conventional diagnostic and therapeutic modalities 

continue to face major limitations [32]. Chemotherapy and radiotherapy often lack specificity, leading 

to collateral damage in healthy tissues, systemic toxicity, and restricted dosing potential [32]. Tumor 

heterogeneity and adaptive resistance mechanisms further contribute to therapeutic failure and 

disease relapse [33]. Additionally, poor solubility, rapid systemic clearance, and limited 

accumulation of drugs within tumor tissue significantly impair treatment efficacy [34]. On the 

diagnostic front, existing methods frequently fail to detect malignancies at early and potentially 

curable stages, particularly in heterogeneous or micro-metastatic tumors [35]. These persistent 

challenges underscore the urgent need for innovative strategies that enhance tumor selectivity, 

minimize systemic toxicity, and enable real-time monitoring of therapeutic response—a domain 

where nanotechnology-based approaches demonstrate exceptional potential [36]. 

3. The Emergence of Nanotechnology in Oncology 

Nanotechnology—the engineering and manipulation of materials at the nanoscale (1–100 nm)—

has rapidly transformed biomedical research. In oncology, nanomedicine leverages the unique 

physical, chemical, and biological properties of nanomaterials to improve cancer detection, delivery, 

and therapy [37]. Nanoparticles can interact with biomolecules at the cellular and molecular level, 
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offering solutions to limitations of conventional modalities, such as poor solubility, low specificity, 

and systemic toxicity [38]. 

3.1. Definition and Principles of Nanotechnology in Medicine 

Nanomedicine integrates diagnostic, therapeutic, and theranostic applications of nanoscale 

materials, capitalizing on their unique physicochemical properties to advance cancer management 

[39]. A key feature of nanoparticles lies in their size-dependent characteristics—marked by a high 

surface-area-to-volume ratio, enhanced chemical reactivity, and tunable optical, magnetic, or 

electronic behavior [39]. Through strategic surface functionalization with ligands, antibodies, or 

polymers, nanomaterials can be engineered for active targeting of tumor-specific receptors and 

biomolecular pathways [40]. In addition, advanced nanocarriers enable controlled and stimuli-

responsive drug release triggered by tumor-associated cues such as pH, temperature, or enzymatic 

activity, thereby optimizing the therapeutic index and minimizing systemic toxicity [41]. Collectively, 

these attributes facilitate superior tumor accumulation, improved biodistribution, and seamless 

integration of diagnostic and therapeutic functions, establishing nanomedicine as a cornerstone of 

precision oncology [42]. 

3.2. Types of Nanomaterials in Cancer 

A wide variety of nanomaterials have been developed and optimized for oncological 

applications, each offering distinct structural and functional advantages [43]. Liposomes, spherical 

vesicles capable of encapsulating both hydrophilic and hydrophobic drugs, are among the most 

clinically advanced systems, exemplified by the FDA-approved formulation Doxil® [43]. Polymeric 

nanoparticles, composed of biodegradable materials such as PLGA and PEG, enable controlled drug 

release, enhanced stability, and surface modification for targeted delivery [44]. Dendrimers, with 

their highly branched architecture and abundant surface functional groups, provide versatile 

platforms for loading drugs, genes, or imaging agents [45]. Quantum dots (QDs), semiconductor 

nanocrystals with size-dependent fluorescence, are particularly valuable in cancer imaging and 

diagnostics [46]. Metallic nanoparticles—including gold, silver, and iron oxide nanostructures—offer 

multifunctionality, serving as agents for photothermal therapy, imaging enhancement, and drug 

delivery [47]. Moreover, exosomes and biomimetic nanoparticles, derived from natural cellular 

vesicles, present promising biocompatible carriers for targeted drug delivery and intercellular 

communication [48]. The choice of nanomaterial depends on the intended application—diagnostic, 

therapeutic, or theranostic—allowing tailored designs that integrate precision, efficacy, and safety 

[49]. 

3.3. Mechanisms of Tumor Targeting 

Nanoparticles exploit both passive and active targeting mechanisms to enhance tumor 

specificity and therapeutic precision [50]. Through the enhanced permeability and retention (EPR) 

effect, nanoparticles preferentially accumulate in tumor tissues due to the leaky vasculature and 

impaired lymphatic drainage characteristic of the tumor microenvironment [50]. In addition, active 

targeting strategies employ surface-functionalized ligands such as antibodies, peptides, or aptamers 

that selectively bind to overexpressed receptors on cancer cells, thereby promoting cellular uptake 

and intracellular delivery [51]. Stimuli-responsive nanoparticle systems further improve specificity 

by releasing their therapeutic cargo in response to tumor-associated cues such as pH, redox potential, 

enzymatic activity, or temperature variations [52]. The combination of these targeting approaches 

enables nanomedicine to overcome major delivery barriers posed by the dense extracellular matrix, 

heterogeneous vasculature, and immune clearance mechanisms, ultimately improving therapeutic 

efficacy and safety [53]. 
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3.4. Outlook 

The emergence of nanotechnology has established a platform for precision oncology, bridging 

gaps in conventional cancer management. By integrating diagnostic and therapeutic functions, 

nanomedicine holds the potential to improve efficacy, reduce toxicity, and enable personalized 

cancer care [54]. Ongoing research continues to refine material design, targeting strategies, and 

multifunctional capabilities, paving the way for next-generation clinical translation [55]. 

4. Nanotechnology in Cancer Diagnostics 

Accurate and early cancer detection is critical for improving patient outcomes. Conventional 

diagnostics often lack sensitivity, specificity, or the ability to capture tumor heterogeneity [56]. 

Nanotechnology addresses these challenges by providing molecular-level detection, high-

throughput multiplexing, and real-time monitoring, enabling non-invasive and personalized 

diagnostic approaches [57,58]. 

4.1. Nanobiosensors for Early Detection 

Nanobiosensors integrate nanomaterials with biological recognition elements such as 

antibodies, aptamers, nucleic acids, and enzymes to enable ultra-sensitive detection of cancer 

biomarkers, including DNA mutations, microRNAs (miRNAs), and proteins [59]. Metallic 

nanoparticles—particularly those composed of gold, silver, or platinum—amplify optical and 

electrochemical signals, achieving detection sensitivity down to the single-molecule level [60]. 

Similarly, carbon-based nanostructures like graphene and carbon nanotubes provide exceptional 

conductivity and large surface areas, facilitating label-free sensing approaches [61]. For instance, 

graphene oxide–based biosensors have successfully detected miR-21 at femtomolar concentrations in 

breast and colorectal cancers [62], while gold nanoparticle-based colorimetric assays enable visual 

identification of tumor markers through localized surface plasmon resonance (LSPR) shifts [63]. 

Furthermore, advances in multiplexed nanobiosensing allow simultaneous detection of multiple 

biomarkers, offering deeper insights into tumor heterogeneity and disease progression [64]. 

4.2. Nanoparticle-Enhanced Imaging 

Nanoparticles have significantly enhanced the sensitivity and specificity of cancer imaging 

modalities, facilitating improved tumor visualization and functional assessment [65]. 

Superparamagnetic iron oxide nanoparticles (SPIONs) act as potent magnetic resonance imaging 

(MRI) contrast agents, improving soft tissue differentiation and lesion detection [66]. Gold 

nanoparticles (AuNPs), owing to their high X-ray attenuation, enhance computed tomography (CT) 

imaging contrast and enable precise delineation of tumor margins [67]. Similarly, quantum dots 

(QDs) offer tunable fluorescence properties suitable for long-term and multiplexed imaging of cancer 

biomarkers [68]. Beyond diagnostics, theranostic nanoparticles integrate imaging and therapeutic 

capabilities, allowing real-time monitoring of drug delivery, biodistribution, and treatment efficacy—

an essential step toward image-guided precision oncology [69,70]. 

4.3. Nanotechnology in Liquid Biopsy 

Liquid biopsy has emerged as a minimally invasive approach for detecting tumor-derived 

biomarkers, including circulating tumor cells (CTCs), extracellular vesicles (EVs), and circulating free 

DNA (cfDNA) [71]. Magnetic nanoparticles functionalized with specific antibodies such as EpCAM 

enable efficient capture and enrichment of CTCs from peripheral blood samples [72]. Plasmonic 

nanosensors can sensitively detect cfDNA and exosomes by monitoring localized refractive index 

changes associated with molecular binding events [73]. Additionally, advanced nanopore and 

nanowire-based sensors facilitate label-free detection of single nucleic acid molecules with sub-

picomolar sensitivity, offering unprecedented analytical precision [74]. Collectively, these 
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nanotechnology-enabled liquid biopsy platforms support early cancer diagnosis, real-time 

monitoring of therapeutic responses, and dynamic tracking of tumor evolution [75]. 

4.4. Integration with Artificial Intelligence 

The high-dimensional data generated by nanodiagnostics require advanced computational 

analysis. Artificial intelligence (AI) and machine learning (ML) algorithms identify subtle biomarker 

patterns, predict disease progression, and guide clinical decisions [76]. 

Integration of AI with nanoparticle-enhanced imaging has improved differentiation between 

malignant and benign lesions compared to conventional analysis [77]. This convergence supports 

intelligent, predictive, and personalized diagnostics[78,79]. 

4.5. Outlook 

Nanotechnology-based diagnostics represent a paradigm shift toward precision oncology, 

providing sensitive, specific, and real-time monitoring. Integration with liquid biopsy, imaging, and 

AI is expected to accelerate clinical translation, enabling dynamic, patient-specific cancer 

management [80]. 

5. Nanotechnology in Cancer Therapy 

Conventional cancer therapies often suffer from poor tumor selectivity, systemic toxicity, and 

resistance. Nanotechnology offers innovative solutions by enhancing drug delivery, gene therapy, 

immunomodulation, and combination therapies, while minimizing off-target effects [81,82]. 

5.1. Nanoparticle-Based Drug Delivery Systems 

Nanocarriers substantially enhance the pharmacokinetics, bioavailability, and tumor selectivity 

of chemotherapeutic agents [83]. Liposomal formulations, such as Doxil®, encapsulate cytotoxic 

drugs within lipid bilayers, reducing systemic toxicity while improving tumor accumulation through 

enhanced permeability and retention (EPR) [84]. Polymeric nanoparticles enable controlled and 

sustained drug release, customizable surface chemistry, and co-delivery of multiple agents to achieve 

synergistic therapeutic effects [85]. Dendrimers, owing to their highly branched and uniform 

structures, allow precise drug loading and functionalization with targeting ligands or imaging 

moieties [86]. Collectively, these nanocarriers leverage both passive targeting via the EPR effect and 

active targeting through ligand-mediated interactions, achieving improved tumor specificity and 

therapeutic efficacy [87]. 

5.2. Photothermal and Photodynamic Therapy 

Photothermal therapy (PTT) and photodynamic therapy (PDT) leverage light-activated 

nanomaterials to induce selective tumor ablation. Gold nanorods are widely used in PTT for their 

ability to convert near-infrared light into localized heat, enabling precise tumor destruction with 

minimal invasiveness [88]. Graphene-based nanoplatforms further enhance therapeutic efficacy 

through superior photothermal conversion efficiency and high drug-loading capacity [89]. In PDT, 

photosensitizer-loaded nanoparticles generate cytotoxic reactive oxygen species (ROS) upon light 

irradiation, triggering apoptosis and oxidative stress within tumor tissues [90]. These light-

responsive nanostrategies provide spatiotemporal control over therapeutic activation, thereby 

minimizing collateral damage to healthy tissues and improving safety profiles [91]. 

5.3. Gene and RNA Delivery 

Nanoparticles have emerged as versatile carriers for nucleic acid–based therapeutics, including 

siRNA, mRNA, and CRISPR components, enabling precise gene silencing or protein expression 

within tumor cells. Lipid-based nanoparticles are particularly effective for mRNA delivery, as they 
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protect fragile nucleic acids from enzymatic degradation while ensuring efficient cellular uptake and 

cytoplasmic release [92]. Polymeric and dendrimer-based nanocarriers further enhance siRNA 

transfection efficiency and provide tunable surface properties that minimize immunogenicity and 

off-target effects [93]. By enabling targeted modulation of oncogenes, drug-resistance pathways, and 

immune-regulatory genes, these nanocarrier systems expand the therapeutic landscape of oncology 

beyond conventional small molecules and biologics [94]. 

5.4. Immunomodulation and Cancer Vaccines 

Nanocarrier-based systems play a pivotal role in augmenting cancer immunotherapy by 

enhancing antigen presentation and immune activation, thereby improving therapeutic efficacy [95]. 

Nanoparticle-based vaccines are designed to co-deliver tumor-associated antigens together with 

immune adjuvants, effectively stimulating antigen-presenting cells and eliciting robust cytotoxic T-

cell responses [96]. In addition, nanocarrier conjugation with immune checkpoint inhibitors enables 

targeted delivery to tumor sites, reducing systemic exposure and mitigating immune-related adverse 

effects [97]. These nanotechnology-driven strategies can be integrated synergistically with other 

therapeutic modalities, such as chemotherapy or phototherapy, to overcome tumor-induced immune 

evasion and achieve more durable antitumor immunity [98]. 

5.5. Combination Nanotherapies 

Nanotechnology has opened new avenues for multimodal cancer treatment strategies that 

combine chemotherapy, phototherapy, radiotherapy, and immunotherapy to achieve synergistic 

therapeutic outcomes. In chemo-photothermal therapy, nanoparticles are engineered to co-deliver 

chemotherapeutic drugs alongside photothermal agents, thereby enhancing tumor ablation through 

simultaneous chemical cytotoxicity and localized hyperthermia [99]. Radio-nanotherapy employs 

radioisotope-loaded nanoparticles to achieve targeted radiotherapeutic effects while minimizing off-

target radiation exposure and collateral tissue damage [100]. Immuno-nanotechnology approaches 

further integrate nanocarriers with immune-modulating agents to enhance antigen presentation and 

cytotoxic drug delivery, promoting robust antitumor immune responses [101]. Collectively, these 

combination strategies harness complementary mechanisms of action, overcoming the inherent 

limitations of single-modality treatments and paving the way for more effective, multimodal cancer 

therapy paradigms [102]. 

5.6. Outlook 

Nanotechnology-based cancer therapies offer precision, selectivity, and multifunctionality, 

addressing the shortcomings of conventional treatment. Future development will focus on stimuli-

responsive platforms, combination strategies, and integration with diagnostics, paving the way for 

personalized and highly effective nanomedicine [103,104]. 

6. Clinical Translation and Current Trials 

Despite impressive preclinical results, translating nanotechnology-based cancer therapies into 

clinical practice remains challenging. A growing number of FDA-approved nanomedicines and 

ongoing clinical trials, however, underscore the promise of nanotechnology in oncology [105]. 

6.1. FDA-Approved Nanomedicines 

Several nanotechnology-based therapeutics have already gained regulatory approval, marking 

significant milestones in the clinical translation of nanomedicine. Doxil®, a liposomal formulation of 

doxorubicin, reduces cardiotoxicity while enhancing tumor accumulation and therapeutic efficacy 

[106]. Abraxane®, composed of albumin-bound paclitaxel nanoparticles, improves solubility and 

facilitates efficient drug delivery to tumors [107]. Similarly, Onivyde®, a liposomal formulation of 

irinotecan, exhibits superior pharmacokinetic properties and clinical benefits in the management of 
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metastatic pancreatic cancer [108]. Collectively, these approved nanomedicines exemplify the 

feasibility of nanoparticle-based therapeutics in oncology, offering improved efficacy, reduced 

systemic toxicity, and more favorable pharmacokinetic and biodistribution profiles compared to 

conventional drug formulations [109]. 

6.2. Ongoing Clinical Trials 

Multiple nanotechnology-based therapeutic approaches are currently under clinical 

investigation across diverse malignancies. Liposomal formulations of chemotherapeutic agents have 

demonstrated efficacy in breast, ovarian, and lung cancers, providing enhanced tumor accumulation 

and reduced systemic toxicity [110]. Polymeric nanoparticles are being evaluated for the targeted 

delivery of siRNA and mRNA in both solid tumors and hematologic malignancies, aiming to 

overcome biological barriers and improve gene-silencing efficiency [111]. Additionally, gold 

nanoparticles and photothermal nanomaterials are being explored in combination with imaging-

guided therapies to enable simultaneous diagnosis and treatment [112]. Collectively, these ongoing 

clinical trials seek to validate promising preclinical outcomes while optimizing dosing regimens, 

tumor-targeting efficiency, and safety profiles for successful clinical translation [113]. 

6.3. Translational Barriers 

Despite the remarkable potential of nanomedicine, several barriers continue to hinder its broad 

clinical translation. Large-scale manufacturing remains a major challenge, as ensuring reproducibility 

in nanoparticle size, surface characteristics, and drug-loading efficiency is technically demanding 

[114]. In addition, regulatory hurdles persist due to the lack of standardized global guidelines for 

nanoparticle characterization, pharmacokinetic profiling, and toxicological evaluation, which 

collectively delay clinical approval [115]. Furthermore, the complex fabrication processes and 

stringent quality control requirements substantially elevate production costs, posing obstacles to 

commercialization and large-scale clinical accessibility [116]. 

6.4. Safety and Biocompatibility Considerations 

Nanomaterials must demonstrate favorable biocompatibility, minimal immunogenicity, and 

predictable biodistribution [117]. However, several safety concerns remain critical for their clinical 

translation. Rapid recognition by the mononuclear phagocyte system often leads to immune 

clearance, thereby reducing nanoparticle circulation time and tumor accumulation [118]. In addition, 

certain metallic or non-biodegradable nanoparticles may persist and accumulate in organs such as 

the liver, spleen, or kidneys, resulting in off-target and organ-specific toxicities [119]. Long-term 

safety considerations, including chronic exposure effects and incomplete biodegradation, also require 

systematic investigation [120]. Therefore, comprehensive preclinical modeling, detailed 

pharmacokinetic assessments, and rigorous clinical monitoring are essential to ensure patient safety 

and optimize the therapeutic index of nanomedicine-based interventions [121]. 

6.5. Outlook 

While clinical translation remains complex, FDA-approved nanomedicines and ongoing trials 

demonstrate tangible progress. Continued optimization of nanoparticle design, reproducibility, 

targeting, and safety assessment will accelerate the integration of nanotechnology into routine 

oncology care [122]. 

7. Challenges and Limitations 

Despite significant advances, nanotechnology in oncology faces multiple challenges that impede 

widespread clinical adoption. These challenges span biological, technical, regulatory, and ethical 

domains [123]. 
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7.1. Biological Barriers 

The tumor microenvironment (TME) imposes significant barriers to effective nanoparticle 

delivery and therapeutic efficacy. The dense extracellular matrix (ECM) acts as a physical obstacle 

that restricts nanoparticle penetration and uniform dispersion within solid tumors [124]. Moreover, 

the heterogeneous and often abnormal tumor vasculature results in irregular blood flow and variable 

vessel permeability, leading to uneven nanoparticle distribution across tumor regions [125]. Immune 

recognition and phagocytosis by macrophages further contribute to rapid clearance of nanoparticles 

from circulation, thereby diminishing their effective tumor accumulation [126]. In addition to these 

microenvironmental challenges, both inter- and intra-patient tumor heterogeneity complicate the 

design of universal targeting strategies, ultimately resulting in variable therapeutic responses and 

inconsistent clinical outcomes [127]. 

7.2. Nanotoxicology and Biodistribution 

Safety considerations remain paramount for the successful clinical translation of nanomedicine. 

Accumulation of metallic or non-biodegradable nanoparticles in non-target organs such as the liver, 

spleen, and kidneys can lead to organ-specific toxicity and impaired function [128]. Additionally, 

certain nanomaterials may elicit immune or inflammatory responses through cytokine release or 

complement activation, potentially compromising systemic safety [129]. The long-term fate, 

biodegradation behavior, and clearance mechanisms of many nanoparticle formulations also remain 

incompletely understood, posing further uncertainties regarding chronic exposure risks [130]. 

Therefore, rigorous preclinical toxicological evaluation, comprehensive pharmacokinetic analysis, 

and long-term clinical monitoring are essential to ensure patient safety and establish regulatory 

confidence in nanomedicine-based therapeutics [131]. 

7.3. Reproducibility and Scalability 

Manufacturing consistency remains a critical challenge in the large-scale development of 

nanomedicines. Achieving uniformity in nanoparticle size, surface chemistry, and drug-loading 

efficiency is technically demanding and often difficult to maintain across production batches [132]. 

Even minor variations in physicochemical characteristics can lead to significant differences in 

pharmacokinetics, biodistribution, and therapeutic efficacy, highlighting the issue of batch-to-batch 

variability [133]. Furthermore, translating laboratory-scale synthesis protocols to industrial-scale 

production without compromising quality, reproducibility, or functional performance remains a 

major technological and regulatory barrier [134]. 

7.4. Regulatory Challenges 

Regulatory standardization continues to be a major obstacle in the clinical advancement of 

nanomedicine. Although regulatory frameworks are gradually evolving, the absence of 

comprehensive and harmonized guidelines across global agencies still limits the efficient approval of 

nanotherapeutics [135]. The complex physicochemical nature of nanoparticles necessitates extensive 

characterization, requiring detailed evaluation of parameters such as size, surface charge, stability, 

pharmacokinetics, and in vivo behavior to meet regulatory expectations [136]. Moreover, the inherent 

heterogeneity of nanomaterials—encompassing diverse compositions, architectures, and 

mechanisms of action—further complicates the establishment of universal approval pathways, 

delaying clinical translation and commercialization [137]. 

7.5. Ethical and Economic Considerations 

Beyond scientific and regulatory barriers, socioeconomic and ethical considerations also 

influence the clinical translation of nanomedicine. The high cost of nanoparticle development and 

manufacturing, driven by complex design processes and stringent quality control, significantly 

elevates research and production expenses, potentially limiting patient accessibility and widespread 
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adoption [138]. Moreover, the personalized nature of many nanomedicine-based therapies may 

disproportionately benefit patients in high-resource settings, thereby exacerbating existing 

disparities in global cancer care [139]. Ethical challenges related to informed consent and long-term 

safety also warrant careful attention, as patients must be adequately informed about potential 

unknown or delayed effects associated with nanomaterial exposure [140]. 

7.6. Outlook 

While nanotechnology holds transformative potential, overcoming biological barriers, toxicity 

concerns, reproducibility issues, regulatory hurdles, and ethical challenges is essential for safe and 

equitable clinical translation. Ongoing interdisciplinary efforts in materials science, pharmacology, 

and regulatory science aim to address these limitations [141]. 

8. Emerging Trends and Future Perspectives 

Nanotechnology is rapidly evolving, with next-generation platforms poised to redefine cancer 

diagnosis and therapy. Innovations focus on smart functionalities, integration with AI, preclinical 

modeling, and precision delivery systems[142]. 

8.1. Smart Nanoplatforms 

Stimuli-responsive and multifunctional nanoparticles represent a major advancement in 

precision nanomedicine, offering adaptive responses to specific tumor microenvironmental cues. pH- 

and redox-responsive systems are designed to release therapeutic agents selectively within acidic or 

oxidative tumor niches, thereby enhancing drug localization and minimizing systemic toxicity [143]. 

Multi-modal nanoplatforms that integrate imaging, therapeutic, and monitoring functionalities 

within a single construct enable real-time theranostic applications, bridging diagnosis and treatment 

for personalized cancer management [144]. Furthermore, programmable nanoparticles capable of 

dynamically adapting to fluctuations in the tumor microenvironment allow for controlled drug 

release and improved therapeutic efficacy [145]. Collectively, these smart nanotechnologies aim to 

maximize the therapeutic index while minimizing off-target effects, paving the way for more precise 

and effective cancer interventions [146]. 

8.2. Integration with AI and Bioinformatics 

Artificial intelligence (AI) and machine learning (ML) are transforming the landscape of 

personalized nanomedicine by enabling the analysis of complex, multidimensional datasets 

encompassing nanoparticle behavior, imaging outputs, and patient-specific genomic profiles. 

Predictive modeling tools assist in optimizing nanoparticle design and forecasting therapeutic 

responses, thereby enhancing formulation efficiency and precision [147]. The development of digital 

tumor twins—computational models that replicate patient tumor microenvironments—allows 

simulation of nanocarrier interactions, facilitating dosage optimization and improved delivery 

outcomes [148]. Furthermore, automated analysis of imaging and liquid biopsy data enhances early 

cancer detection, real-time treatment monitoring, and response prediction [149]. The integration of 

AI-driven analytics thus accelerates the translation of nanomedicine from bench to bedside by 

informing rational design strategies and enabling patient-specific therapeutic interventions [150]. 

8.3. Organoid and Microfluidic Tumor Models 

Advanced preclinical models have emerged as powerful and physiologically relevant platforms 

for evaluating the efficacy and safety of nanomedicines. Patient-derived organoids closely mimic the 

three-dimensional architecture, genetic heterogeneity, and drug response patterns of native tumors, 

thereby providing a personalized and predictive testing environment [151]. Similarly, microfluidic 

tumor-on-chip systems replicate key features of the tumor microenvironment, including vascular 

flow, extracellular matrix composition, and immune cell interactions, allowing precise control and 
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observation of nanoparticle dynamics [152]. These innovative models enable high-throughput 

screening, real-time monitoring, and mechanistic investigations, significantly reducing reliance on 

conventional animal models while improving translational relevance and predictive accuracy [153]. 

8.4. Nanorobotics and Precision Delivery Systems 

Emerging nanorobotic systems represent a transformative frontier in precision oncology, 

offering unprecedented control over navigation, targeting, and therapeutic delivery at the microscale. 

These nanoscale devices are capable of actively traversing the bloodstream, penetrating tumor 

tissues, and releasing therapeutic payloads in a spatially and temporally controlled manner [154]. 

Magnetically guided or self-propelled nanorobots enhance tissue penetration and help overcome 

biological barriers that typically limit passive nanoparticle delivery, thereby improving intratumoral 

distribution and treatment efficacy [155]. Furthermore, programmable nanorobotic delivery vehicles 

can be engineered to sequentially release multiple therapeutic agents in response to specific tumor 

microenvironmental cues, enabling highly targeted and minimally invasive treatment strategies 

[156]. 

8.5. Outlook for Next-Generation Clinical Translation 

The convergence of smart nanoplatforms, AI-guided design, advanced preclinical models, and 

nanorobotics sets the stage for personalized, multifunctional cancer therapies. Future efforts will 

focus on scalable manufacturing, regulatory harmonization, and safety validation to bring these 

technologies from the laboratory to widespread clinical use [157,158]. 

9. Concluding Remarks 

Nanotechnology has profoundly reshaped the landscape of oncology, offering innovative 

solutions for both cancer diagnosis and therapy. By bridging molecular precision with clinical 

applicability, nanomedicine addresses critical limitations of conventional modalities, such as poor 

tumor selectivity, systemic toxicity, and therapeutic resistance. 

9.1. Progress Made 

In diagnostics, nanobiosensors, nanoparticle-enhanced imaging, and liquid biopsy technologies 

have enabled early, accurate, and minimally invasive cancer detection. Therapeutically, liposomal, 

polymeric, and multifunctional nanoparticles have improved drug solubility, bioavailability, and 

tumor-targeting efficiency, while minimizing off-target effects. The successful translation of 

nanomedicines such as Doxil® and Abraxane® demonstrates the clinical feasibility of this approach. 

Emerging innovations—including smart nanoplatforms, artificial intelligence integration, organoid-

based testing, and nanorobotics—signal the dawn of next-generation precision oncology. 

9.2. Remaining Gaps 

Despite these advances, significant challenges remain. Biological barriers, including tumor 

heterogeneity and immune clearance, continue to restrict nanoparticle delivery and uniform 

distribution. Safety and nanotoxicology issues, particularly long-term biodistribution and clearance, 

demand thorough investigation. Moreover, manufacturing scalability, regulatory standardization, 

and economic constraints impede widespread clinical adoption. Addressing these challenges 

requires coordinated, interdisciplinary collaboration among materials scientists, oncologists, 

pharmacologists, and regulatory authorities. 

9.3. Vision for the Next Decade 

The future of nanotechnology-driven oncology lies in developing personalized, multifunctional, 

and adaptive therapeutic systems. Patient-specific nanomedicines guided by artificial intelligence 
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and molecular profiling will enable precision treatment with real-time feedback. Integrated 

theranostic platforms are expected to unify diagnosis, therapy, and monitoring into a single, seamless 

process. Furthermore, advances in nanorobotics and bioinspired delivery systems will usher in 

minimally invasive, targeted, and highly efficient cancer management. 

If realized, these innovations will transform cancer care from reactive treatment to a predictive, 

preventive, and precision-driven paradigm—bringing us closer to the ultimate goal of personalized 

and effective cancer eradication. 
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