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Abstract: Gold nanoparticles (AuNPs) have emerged as a revolutionary innovation in the field of nanomedicine, showcasing unparalleled 

potential in advancing targeted cancer therapies. Their distinctive physicochemical properties, including high surface area-to-volume ratio, 

optical tunability due to surface plasmon resonance (SPR), and remarkable biocompatibility, render them exceptionally suited for multifaceted 

applications such as drug delivery, photothermal therapy (PTT), and enhanced imaging techniques. This review delves into the recent 

advancements in AuNPs' roles within cancer treatment, emphasizing key aspects like their versatile synthesis methods, strategic 

functionalization techniques for targeted action, intricate mechanisms of therapeutic efficacy, and the multifaceted challenges they face in 

achieving clinical application. The convergence of AuNPs with cutting-edge personalized medicine approaches heralds a new therapeutic 

frontier, poised to significantly elevate the effectiveness and specificity of cancer treatment paradigms while minimizing systemic side effects. 
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1. INTRODUCTION 

Cancer remains one of the leading causes of mortality worldwide, demanding continuous innovation in therapeutic strategies to 

improve efficacy and reduce adverse effects. Conventional treatments, such as chemotherapy and radiotherapy, often exhibit 

significant limitations, primarily due to their lack of specificity, which results in systemic toxicity and undesirable side effects 

(Al-Thani et al., 2024; Anand et al., 2023; Chehelgerdi et al., 2023; Liu et al., 2024; H. Tian et al., 2022). In recent years, 

nanotechnology has introduced a transformative paradigm in oncology, with gold nanoparticles (AuNPs) emerging as pivotal 

agents in this revolution (Ali Dheyab et al., 2024; Kesharwani et al., 2023; Nag et al., 2024; Sakore et al., 2024; Thipe et al., 

2022). Distinguished by their unique properties-including the optical phenomena of surface plasmon resonance (SPR), 

exceptional ease of functionalization, and their exploitation of the enhanced permeability and retention (EPR) effect-AuNPs offer 

the capability for highly precise targeting of cancer cells. These attributes not only enhance therapeutic outcomes but also pave 

the way for personalized and minimally invasive cancer treatment solutions (Dastgheib et al., 2024; Hlapisi et al., 2024; Javid et 

al., 2024; Omiyale et al., 2023; Sztandera et al., 2019; Y. Yang et al., 2022). 

2. SYNTHESIS AND FUNCTIONALIZATION OF AUNPS 

The synthesis of gold nanoparticles (AuNPs) is a critical determinant of their size, shape, and surface characteristics, which 

collectively define their functionality and efficacy in biomedical applications. Fine-tuning these parameters allows researchers to 

customize AuNPs for a range of therapeutic and diagnostic uses. The choice of synthesis method significantly impacts these 

attributes, enabling precise control over the structural and physicochemical properties of the nanoparticles.  

Chemical Reduction method involves using reducing agents, such as citrate, to convert gold ions (Au3+) into metallic gold (Au0), 

resulting in the formation of spherical gold nanoparticles. Citrate serves a dual role: as a reducing agent facilitating the reduction 

process and as a capping agent that stabilizes the nanoparticles by preventing aggregation. The stability imparted by citrate 

ensures uniformity in size distribution, making this method particularly effective for producing consistently shaped nanoparticles. 

Its simplicity, affordability, and reliability make chemical reduction one of the most widely employed techniques in nanoparticle 

synthesis for biomedical applications (Alex & Tiwari, 2015; Amina & Guo, 2020; Patil et al., 2023; Schulz-Dobrick et al., 2005; 

Thambiraj et al., 2018). 

Seed-Mediated Growth technique employs small, pre-formed seed nanoparticles to guide the synthesis of larger, anisotropic 

structures, such as rods, stars, and other complex geometries. By meticulously modulating reaction parameters, including the 

concentration of growth precursors, reducing agents, and surfactants, researchers can precisely tune the size, shape, and aspect 

ratio of the nanoparticles. This level of control is essential for tailoring AuNPs to exhibit specific optical, electronic, and surface 

characteristics. The anisotropic shapes produced through this method are particularly advantageous in biomedical applications, as 

they offer enhanced surface plasmon resonance (SPR) properties, superior photothermal conversion efficiency, and improved 

targeting capabilities for both therapeutic and diagnostic purposes (Y. Gao et al., 2016; He et al., 2023; Y.-J. Kim et al., 2019; 

Manoharan et al., 2020; Marques et al., 2021). 
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Green Synthesis method employs plant extracts, such as those obtained from leaves, fruits, or roots, as natural reducing and 

stabilizing agents in the eco-friendly synthesis of gold nanoparticles (AuNPs). The bioactive molecules in these extracts, 

including polyphenols, flavonoids, alkaloids, terpenoids, and proteins, play a dual role: facilitating the reduction of gold ions 

(Au3+) to metallic gold (Au0) and capping the nanoparticles to prevent aggregation. Green synthesis not only eliminates the need 

for toxic chemicals but also aligns with the principles of green chemistry, promoting sustainability and environmental 

compatibility. This method is particularly advantageous for producing biocompatible and scalable nanoparticles tailored for 

biomedical applications, including targeted cancer therapy, as it integrates simplicity, cost-efficiency, and environmental safety. 

The nanoparticles generated through this approach often exhibit unique surface characteristics and enhanced functionalization 

potential, making them highly suitable for therapeutic and diagnostic innovations in oncology (Biao et al., 2018; Ibrahim et al., 

2016; Islam et al., 2019; Sadeghi et al., 2015; Santhosh et al., 2022). 

Functionalization with biomolecules, such as antibodies, peptides, and nucleic acids, significantly enhances the specificity, 

biocompatibility, and multifunctionality of AuNPs. By attaching these molecules to the surface of the nanoparticles, researchers 

can design highly targeted platforms capable of binding to unique cancer biomarkers. This targeting capability not only improves 

therapeutic efficacy by directing the nanoparticles to specific tumor sites but also reduces off-target effects and systemic toxicity. 

Furthermore, the biomolecule-functionalized AuNPs facilitate advanced applications, such as targeted drug delivery and 

molecular imaging, providing a versatile toolkit for precision oncology (Georgeous et al., 2024; Sibuyi et al., 2021; Siddique & 

Chow, 2020b; Tiwari et al., 2011). 

3. MECHANISMS OF ACTION IN CANCER THERAPY 

Gold nanoparticles (AuNPs) demonstrate a variety of mechanisms in cancer therapy, leveraging their unique properties for 

multifaceted treatment approaches. They employ photothermal therapy (PTT) to generate localized heat through surface plasmon 

resonance (SPR) under near-infrared (NIR) light, leading to selective destruction of cancer cells. In drug delivery, AuNPs are 

functionalized with therapeutic agents and targeting ligands to achieve precise delivery, reducing systemic toxicity. Additionally, 

they facilitate gene therapy by carrying genetic material like siRNA to cancer cells, enabling the silencing of oncogenes. AuNPs 

also enhance imaging and diagnostics, providing improved contrast for CT, MRI, and molecular imaging techniques (Delgado-

Corrales et al., 2025; Gomes et al., 2024; Vines et al., 2019; W. Yang et al., 2019; Y. Yang et al., 2022). 

3.1. Photothermal Therapy (PTT) 

Gold nanoparticles (AuNPs) excel in converting absorbed light into heat through the phenomenon of surface plasmon resonance 

(SPR), a process highly efficient under near-infrared (NIR) irradiation. This heat generation results in localized hyperthermia, 

selectively destroying cancer cells while preserving adjacent healthy tissues. Functionalization with targeting ligands, such as 

antibodies, peptides, or other biomolecules, significantly enhances the specificity of PTT by guiding AuNPs to cancerous tissues. 

Once at the tumor site, NIR irradiation activates the nanoparticles, inducing thermal damage to malignant cells with minimal 

collateral damage. The non-invasive nature of this approach not only minimizes systemic toxicity but also enables repeated 

treatments if necessary. By integrating high precision and reduced side effects, PTT stands out as a compelling alternative or 

complementary strategy to traditional cancer therapies, offering improved efficacy and patient outcomes (Gupta & Malviya, 2021; 

H. S. Kim & Lee, 2017, 2017; Spyratou et al., 2017; W. Yang et al., 2019). 

3.2. Drug Delivery 

Functionalized AuNPs can act as highly efficient carriers for chemotherapeutic agents, either encapsulating them within their 

structure or attaching them to their surface via chemical or physical bonding. The engineered nanoparticles release drugs in a 

controlled and stimuli-responsive manner, triggered by specific conditions such as the acidic pH, elevated temperature, or 

enzymatic activity characteristic of the tumor microenvironment. These tailored release mechanisms ensure that therapeutic 

agents are delivered precisely to the cancer site, thereby minimizing systemic exposure and reducing off-target effects. Moreover, 

this targeted approach significantly enhances the therapeutic concentration of the drugs at the tumor site, improving both the 

efficacy of the treatment and the overall patient outcomes while mitigating potential side effects. This strategy underscores the 

role of AuNPs in advancing precision medicine for cancer therapy (Amina & Guo, 2020; Beik et al., 2019; Nisha et al., 2024; 

Siddique & Chow, 2020b; Yafout et al., 2021). 

3.3. Gene Therapy 

Gold nanoparticles (AuNPs) have emerged as highly effective carriers for delivering genetic material, such as small interfering 

RNA (siRNA) or DNA, directly to cancer cells. Their unique physicochemical properties allow them to protect the genetic 

payload from enzymatic degradation in the bloodstream, ensuring stability and bioavailability. Once internalized by target cells, 

these nanoparticles facilitate the precise delivery of genetic material into the cytoplasm or nucleus, depending on the therapeutic 

objective. By silencing oncogenes or restoring the function of tumor suppressor genes, AuNP-based gene therapy has the potential 

to arrest tumor progression and reverse malignancy at the molecular level. Functionalization with cell-specific ligands, such as 

aptamers, peptides, or antibodies, enhances the specificity of delivery, minimizing off-target effects and maximizing therapeutic 

precision. This approach not only exemplifies a cutting-edge strategy in molecular oncology but also paves the way for 

personalized medicine, offering targeted and effective treatment options tailored to individual genetic profiles (Beik et al., 2019; 

Her et al., 2017; Kanu et al., 2022; Lim et al., 2011; Spyratou et al., 2017). 

3.4. Imaging and Diagnostics 

Gold nanoparticles (AuNPs) significantly enhance contrast across a variety of imaging modalities, such as computed tomography 

(CT), magnetic resonance imaging (MRI), and photoacoustic imaging, making them invaluable tools in oncology diagnostics. 

Their high atomic number contributes to superior X-ray absorption, leading to enhanced CT imaging, while their unique magnetic 

properties can improve MRI contrast. Moreover, the optical properties of AuNPs, stemming from their surface plasmon 

resonance, facilitate high-sensitivity photoacoustic imaging for detecting minute changes in biological tissues. Functionalizing 
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these nanoparticles with targeting ligands, such as antibodies or peptides, further enables molecular imaging by selectively 

binding to cancer-specific biomarkers. This capability not only improves the precision of early cancer detection but also provides 

dynamic insights into tumor biology, including growth patterns and response to therapies, offering a real-time window into the 

effectiveness of ongoing treatments. AuNP-based imaging stands as a cornerstone in bridging diagnostics and therapy, 

exemplifying the potential of nanotechnology to revolutionize cancer care (Boisselier & Astruc, 2009; Fan et al., 2020; Lim et al., 

2011; Siddique & Chow, 2020b, 2020a; Singh, 2019). 

4. CHALLENGES IN CLINICAL TRANSLATION 

4.1. Biocompatibility and Toxicity 

Despite the promising potential of gold nanoparticles (AuNPs) in targeted cancer therapy, their clinical translation is hindered by 

several critical challenges. One of the primary concerns is biocompatibility and toxicity, as the long-term effects of AuNPs on 

human health are a pressing concern, necessitating rigorous investigation into their interactions with diverse biological systems. A 

comprehensive assessment of their biodistribution is paramount, as AuNPs are prone to accumulation in vital organs such as the 

liver, spleen, and kidneys, which could lead to unforeseen toxicological consequences. For instance, studies have highlighted that 

the size, shape, surface charge, and coating of AuNPs significantly influence their uptake and clearance mechanisms. 

Furthermore, understanding the immune response elicited by these nanoparticles is essential to predict and mitigate potential 

inflammatory or hypersensitivity reactions. Investigating cellular uptake pathways and retention times can provide insights into 

their long-term biocompatibility, while exploring potential genotoxic effects ensures that their application does not inadvertently 

harm genetic material or disrupt normal cellular functions. Such foundational knowledge is critical for the safe and effective 

integration of AuNPs into clinical settings, fostering trust in their therapeutic promise (Agrahari & Agrahari, 2018; Anselmo & 

Mitragotri, 2015; Bao et al., 2014; Kumar et al., 2023; Souri & Soltani, 2024). 

4.2. Scalability  
Another significant hurdle is scalability, where achieving large-scale and reproducible synthesis of AuNPs with consistent quality 

represents a significant challenge in both clinical and industrial settings. The process is particularly sensitive to variations in 

nanoparticle size, shape, and surface properties, which can drastically alter their therapeutic efficacy, biodistribution, and safety 

profile. To overcome these barriers, advanced manufacturing techniques must be developed, incorporating automation and 

precision engineering to ensure consistent quality control across batches. Continuous flow synthesis methods, for instance, offer 

superior scalability by providing a steady and controlled environment for nanoparticle production. Additionally, integrating 

machine learning algorithms to optimize production parameters can further enhance reproducibility and efficiency. Reducing 

production costs while upholding stringent quality standards is equally important to ensure the broader adoption of AuNP-based 

therapies in healthcare, ultimately bridging the gap between innovative research and practical application (Agrahari & Agrahari, 

2018; Bao et al., 2014; Souri & Soltani, 2024; M. Tian et al., 2024; Younis et al., 2022). 

4.3. Regulatory Approval 
Additionally, regulatory approval represents a formidable challenge. The path to regulatory approval for gold nanoparticles 

(AuNPs) in clinical applications is fraught with multifaceted challenges, owing to the stringent and evolving requirements specific 

to nanomedicine. These include extensive preclinical studies designed to comprehensively evaluate safety, efficacy, 

pharmacokinetics, and biodistribution. Unlike conventional therapeutics, AuNPs exhibit unique physicochemical properties that 

necessitate the formulation of novel regulatory frameworks and standardized testing protocols tailored to address these intricacies. 

For instance, the nanoparticle size, shape, surface functionalization, and batch-to-batch reproducibility must be rigorously 

validated to meet quality control standards. Moreover, ensuring consistency in manufacturing processes is critical to achieving 

reproducibility and scalability, both of which are scrutinized by regulatory agencies. Harmonizing global regulatory standards and 

fostering collaboration among international regulatory bodies will be pivotal for the widespread adoption of AuNP-based cancer 

therapies. Such efforts will not only streamline the approval process but also ensure that these groundbreaking therapies are 

accessible and reliable for global healthcare applications (Anselmo & Mitragotri, 2015; Bao et al., 2014; Gawne et al., 2023; 

Mundekkad & Cho, 2022; Souri & Soltani, 2024; Younis et al., 2022). 

Addressing these challenges necessitates interdisciplinary collaboration, innovative technological solutions, and concerted efforts 

from researchers, industry stakeholders, and regulatory authorities to pave the way for the successful integration of AuNPs into 

clinical oncology. 

5. FUTURE PERSPECTIVES 

The future of gold nanoparticles (AuNPs) in cancer treatment holds immense potential as advancements in material science, 

nanotechnology, and precision medicine converge. Cutting-edge innovations are addressing current challenges by improving the 

scalability of production, enhancing biocompatibility, and refining targeting mechanisms. Emerging technologies like artificial 

intelligence (AI) and machine learning are expected to revolutionize the design and optimization of AuNPs, enabling the 

development of more efficient and personalized treatment protocols (Arvizo et al., 2010; Asishana Paul Onivefu et al., 2024; 

Chehelgerdi et al., 2023; Javid et al., 2024; Rajendran et al., 2025). 

The integration of AuNPs with multimodal therapies, combining photothermal, drug delivery, and imaging capabilities in a single 

platform, exemplifies their versatility and transformative potential. Progress in understanding the tumor microenvironment and its 

interaction with AuNPs is likely to open new avenues for highly specific and responsive therapies. Additionally, interdisciplinary 

collaborations among scientists, engineers, clinicians, and regulatory bodies will play a pivotal role in translating preclinical 

successes into clinical applications (Ali et al., 2022; Alqahtani et al., 2024; Q. Gao et al., 2021; Georgeous et al., 2024; Huang et 

al., 2023). 

Efforts to establish global regulatory frameworks and standardization will further accelerate the adoption of AuNP-based 

therapies, ensuring their safety and efficacy. As research continues to push the boundaries of nanomedicine, AuNPs are poised to 

become a cornerstone of the next generation of cancer treatment, offering hope for improved survival rates and quality of life for 

patients worldwide. in material science and nanotechnology are likely to address these challenges, paving the way for the 
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widespread adoption of AuNP-based therapies. Integration with artificial intelligence (AI) and machine learning could further 

optimize their design and application. Collaborative efforts between academia, industry, and regulatory bodies are essential to 

accelerate clinical translation (Barbezan et al., 2024; Bromma & Chithrani, 2020; Elmetwalli et al., 2024; Kesharwani et al., 2023; 

Y. Yang et al., 2022). 

6. CONCLUSION 

Gold nanoparticles (AuNPs) represent a transformative advancement in the realm of cancer therapeutics, offering unparalleled 

specificity, efficiency, and versatility. By leveraging their unique physicochemical properties, such as surface plasmon resonance 

and ease of functionalization, AuNPs facilitate targeted therapies, improve imaging techniques, and enhance the precision of drug 

and gene delivery systems. Despite the challenges in scalability, biocompatibility, and regulatory frameworks, ongoing research 

and technological innovations continue to address these barriers. The interdisciplinary collaboration between scientists, clinicians, 

and regulatory agencies is pivotal in bridging the gap between laboratory discoveries and clinical applications. 

As the field progresses, AuNPs are poised to play a central role in the future of oncology, offering hope for more effective, 

personalized, and minimally invasive treatments. Their potential to revolutionize cancer care underscores the importance of 

sustained investment in nanotechnology research and development. Standing at the threshold of this therapeutic frontier, gold 

nanoparticles symbolize a significant stride toward overcoming one of humanity's most formidable health challenges. 

nanoparticles hold immense promise in transforming cancer treatment by enabling targeted, efficient, and minimally invasive 

therapies. While challenges remain, ongoing research and innovation continue to push the boundaries of their potential. As we 

stand at the cusp of this therapeutic frontier, AuNPs represent a beacon of hope in the fight against cancer, offering a path toward 

more personalized and effective treatments. 
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