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Nanodiamonds have emerged as a powerful tool in the field of drug delivery, offering exciting recent advancements and promising future prospects. Recent research has focused on enhancing drug loading efficiency, targeted delivery, and precision medicine using nanodiamonds. Strategies such as surface functionalization, polymer coatings, and encapsulation techniques have been optimized to improve drug loading, stability, and controlled release. Nanodiamonds have shown potential in targeted drug delivery through the incorporation of targeting ligands, enabling site-specific drug delivery and improved therapeutic outcomes. Additionally, nanodiamonds allow for combination therapy by carrying multiple drugs simultaneously, opening avenues for synergistic treatments. Stimuli-responsive nanodiamonds have been developed for precise and controlled drug release. Overcoming biological barriers, such as the blood-brain barrier, has been investigated by modifying nanodiamonds’ surfaces. Recent studies have highlighted innovative strategies for loading a variety of therapeutic cargoes onto nanodiamond platforms, including small molecules, proteins, nucleic acids, and even gene-editing tools. Future prospects include the integration of nanodiamonds with emerging technologies and addressing biocompatibility and safety concerns. Despite the need for further research and clinical studies, the recent advancements and future prospects of nanodiamonds in drug delivery suggest their potential to revolutionize the field and enhance patient care.
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INTRODUCTION
Nanodiamonds have emerged as a promising and versatile platform in the field of drug delivery, ushering in a new era of advancements and offering exciting future prospects. These nanoscale diamond particles possess unique properties that make them ideal for various biomedical applications, particularly in the realm of targeted drug delivery (Zhang X-Q. et al., 2011). Over the past decade, significant progress has been made in harnessing the potential of nanodiamonds to overcome challenges associated with conventional drug delivery systems. This review article provides an overview of recent advancements in the field of nano-diamond-based drug delivery and explores the promising future prospects that lie ahead. The remarkable features of nanodiamonds, such as their high surface area, biocompatibility, and tunable surface chemistry, make them well-suited for drug delivery application (Chow et al., 2011). Recent research has focused on improving drug loading efficiency, enhancing stability, and enabling controlled release of therapeutics. Surface modifications and functionalization strategies have been explored to tailor the properties of nanodiamonds for specific applications, including the attachment of targeting ligands or antibodies for site-specific delivery. One of the significant recent advancements lies in the development of combination therapy using nanodiamonds. By carrying multiple drugs or therapeutic agents simultaneously, nanodiamonds offer the potential for synergistic treatments, opening up new avenues for improved therapeutic outcomes. Moreover, stimuli-responsive nanodiamonds have been engineered to enable precise and controlled drug release triggered by specific environmental cues or external stimuli (Liu et al., 2007).
Recent research has directed its attention toward exploiting the capacity of nanodiamonds to surmount biological obstacles, notably the formidable blood-brain barrier. Strategies involving surface modifications and functionalization techniques have been harnessed to amplify the ability of nanodiamonds to traverse these barriers, thereby opening avenues for precise drug delivery to anatomical locales that were once impervious. Looking towards the future, nanodiamonds hold immense promise in the field of drug delivery. Integration with emerging technologies, such as gene therapy, immunotherapy, or regenerative medicine, could lead to groundbreaking advancements (Schrand et al., 2007). Furthermore, addressing biocompatibility and safety concerns will be crucial for successful translation into clinical practice.
This review article aims to provide a comprehensive overview of recent advancements in nano-diamond-based drug delivery, highlighting the significant strides made and the promising prospects that lie ahead. By examining the current state of the field, we hope to inspire further research, foster innovation, and ultimately pave the way for the widespread utilization of nanodiamonds as a transformative tool in drug delivery, leading to improved patient care and therapeutic outcomes.
NANODIAMONDS: A BRIEF APPRAISAL
Nanodiamonds are tiny particles composed of carbon atoms arranged in a diamond lattice structure. They are tiny, typically measuring less than 10 nm in size (Figure 1). These nanoscale diamonds possess unique properties that make them useful in various fields, including medicine and drug delivery. One of the key advantages of nanodiamonds is their biocompatibility, meaning they are generally well-tolerated by biological systems and have low toxicity. This makes them suitable for biomedical applications. Nanodiamonds can be easily modified on their surface by attaching specific molecules or drugs, allowing for targeted drug delivery (Zhang Q. et al., 2011). This means that drugs can be precisely delivered to specific cells or tissues, increasing their effectiveness and reducing side effects. Furthermore, nanodiamonds provide a protective environment for drugs, shielding them from degradation and increasing their stability. They can be engineered to release drugs in a controlled manner, ensuring a sustained therapeutic effect over a desired timeframe. This controlled release feature reduces the need for frequent dosing. Nanodiamonds also offer the potential for multifunctionality. They can be combined with imaging agents or targeting ligands, enabling simultaneous drug delivery and real-time monitoring of therapeutic response (Alhaddad et al., 2017a). The small size of nanodiamonds allows for efficient cellular uptake, ensuring that the drugs reach their intended target sites within cells. Figure 2 provides different structural orientation of nanodiamond morphology. Table 1 enlists different types of Nanodiamonds available for therapeutic use.
[image: Figure 1]FIGURE 1 | 3D structure depicting nano-diamond morphology.
[image: Figure 2]FIGURE 2 | Structural types of different types of nanodiamonds.
TABLE 1 | Different types of nanodiamonds along with their therapeutic use.
[image: Table 1]Surface modification strategies in nanodiamonds
Surface modifications in nanodiamonds
Surface modification plays a crucial role in tailoring the properties of nanodiamonds for specific applications, including drug delivery. Here’s an overview of surface modification techniques used in nanodiamonds.
1. Chemical Functionalization: Chemical functionalization involves the attachment of various functional groups to the surface of nanodiamonds. Common functional groups include carboxyl (-COOH), amino (-NH2), hydroxyl (-OH), and thiol (-SH) groups. Functionalization can be achieved through oxidation, hydrogenation, or covalent bonding reactions. This process allows for the introduction of specific chemical moieties on the nano-diamond surface, enabling subsequent attachment of drugs, targeting ligands, or other biomolecules (Zhang et al., 2007).
2. Polymer Coating: Nanodiamonds can be coated with polymers to modify their surface properties. Polymers such as polyethylene glycol (PEG), polyethyleneimine (PEI), or poly (lactic-co-glycolic acid) (PLGA) can be used to create a protective layer around the nanodiamonds. Polymer coatings can improve the stability, biocompatibility, and colloidal stability of nanodiamonds, as well as provide functional groups for further bioconjugation.
3. Biomolecule Conjugation: Nanodiamonds ' surfaces can be functionalized with biomolecules, including antibodies, peptides, or aptamers, to confer specific targeting abilities. This involves the attachment of biomolecules to the nano-diamond surface through covalent bonding or affinity interactions. The biomolecules act as targeting ligands that recognize and bind to specific receptors on target cells or tissues, facilitating site-specific drug delivery.
4. Surface Charge Modification: Nanodiamonds can be modified to control their surface charge, which can influence their interactions with biological systems. This can be achieved by altering the type and density of functional groups on the nano-diamond surface. Controlling the surface charge allows for optimized drug loading, stability, and cellular uptake based on the specific requirements of the drug delivery system (Huang et al., 2007).
5. Encapsulation: Nanodiamonds can also be utilized for drug encapsulation, where drugs are trapped within the voids or interstitial spaces of the nano-diamond structure. This can be achieved by modifying the surface chemistry of nanodiamonds to create hydrophobic or hydrophilic environments, which can facilitate drug entrapment.
6. Intracellular Drug Action: Once released, the drugs exert their therapeutic effect within the target cells. The precise delivery facilitated by the nanodiamonds increases the efficacy of the drugs and reduces the potential for off-target effects (Chen et al., 2009a). Table 2 provides different surface modification strategies for Nanodiamonds in drug delivery.
TABLE 2 | Surface modification strategies of Nanodiamonds in drug delivery.
[image: Table 2]Stability aspects of nanodiamonds
Nanodiamonds exhibit remarkable stability, both in terms of their physical structure and their ability to protect drugs. The diamond lattice structure of nanodiamonds provides exceptional mechanical robustness, allowing them to withstand a range of environmental conditions encountered during drug formulation, storage, and administration. This inherent stability enables nanodiamonds to retain their integrity under harsh physiological conditions, including changes in temperature, pH, and mechanical stress (Mochalin et al., 2012). Consequently, nanodiamonds can maintain their structural integrity and functionality, ensuring their effectiveness as drug carriers. In addition to their physical stability, nanodiamonds offer a unique protective environment for drugs. When drugs are loaded onto or encapsulated within nanodiamonds, they benefit from the diamond’s protective properties. Nanodiamonds act as a shield, preventing direct exposure of the drugs to external factors that may cause degradation, such as light, moisture, or enzymatic activity (Alhaddad et al., 2017b). This protective effect significantly enhances the stability of the loaded drugs, preserving their chemical integrity and therapeutic activity over extended periods. The stability provided by nanodiamonds is particularly advantageous for drugs that are prone to degradation or have a limited shelf life. By encapsulating these drugs within nanodiamonds or attaching them to the nano-diamond surface, their stability can be greatly enhanced, reducing the risk of loss in potency or therapeutic efficacy. Moreover, the stability of nanodiamonds allows for long-term storage of drug-loaded formulations without compromising the drugs’ stability, which is essential for commercialization and widespread use (Li Y. et al., 2019).
Strategies to improve drug loading efficiency and controlled release using nanodiamonds
Surface Functionalization: Nanodiamonds can be functionalized with various chemical groups to enhance their compatibility with different drug molecules. Functionalization can be achieved through methods like oxidation or plasma treatment to introduce functional groups like carboxyl, amine, or hydroxyl groups on the nanodiamond surface. These functional groups can form strong chemical bonds with drug molecules, increasing drug loading efficiency. Additionally, specific functional groups can be added to target specific cells or tissues, enabling targeted drug delivery.
Coating and Encapsulation: Coating or encapsulating nanodiamonds with biocompatible polymers, lipids, or other materials can protect the loaded drug molecules and control their release. Polymers like polyethylene glycol (PEG) can form a protective layer around nanodiamonds, preventing premature drug release. The encapsulating material can be designed to degrade or respond to specific triggers, such as changes in pH or temperature, allowing controlled release over time.
pH-Responsive Systems: pH-responsive nanodiamonds are designed to release drugs in response to the pH environment of a specific location in the body. For instance, in cancer therapy, the slightly acidic tumor microenvironment can be exploited. Nanodiamonds can be functionalized with pH-sensitive linkers that break down in the acidic environment, leading to the release of the drug payload selectively within the tumor.
Temperature-Responsive Systems: Temperature-responsive polymers, such as thermosensitive hydrogels, can be coated onto nanodiamonds. These polymers undergo conformational changes in response to temperature shifts, allowing the encapsulated drug to be released when exposed to a certain temperature. This approach is particularly useful for localized drug release, such as in hyperthermia-based cancer treatment.
Magnetic Targeting: Nanodiamonds can be coated with magnetic nanoparticles, allowing for external magnetic guidance of the drug-loaded particles to specific target sites. Once the nanodiamonds accumulate at the desired location, the drug release can be triggered by a specific stimulus, such as a change in temperature or pH, ensuring controlled release at the intended site.
Electric Field-Responsive Systems: Nanodiamonds can be functionalized with electrically responsive materials that change their properties under the influence of an electric field. This approach enables on-demand drug release by applying an electric field externally, which triggers changes in the nanodiamond structure or the surrounding encapsulation layer, leading to drug release.
Ultrasound-Triggered Release: By incorporating ultrasound-responsive materials onto nanodiamond surfaces, drug release can be triggered using focused ultrasound waves. The energy from the ultrasound causes mechanical stress, leading to the disruption of the encapsulation layer and controlled drug release. This technique offers non-invasive and precise control over drug delivery.
Multi-Drug Loading: Nanodiamonds’ high surface area allows for the loading of multiple types of drugs, making them ideal for combination therapies. Different drugs can be loaded onto the nanodiamonds simultaneously, allowing for synergistic effects and improved therapeutic outcomes.
Size and Surface Charge Optimization: The size of nanodiamonds affects their drug loading capacity and release kinetics. Smaller nanodiamonds have larger surface area-to-volume ratios, potentially leading to higher drug loading. Additionally, optimizing the surface charge through functionalization can influence interactions with drug molecules and cellular uptake, affecting drug release profiles.
In vivo Studies and Safety: Rigorous in vivo studies are essential to validate the safety, biocompatibility, and efficacy of nanodiamond-based drug delivery systems. These studies involve assessing factors such as nanoparticle distribution, clearance, potential toxicity, and therapeutic efficacy in living organisms.
Method of preparation of nanodiamonds
Nanodiamonds are synthesized using diverse methods that manipulate carbon atoms at the nanoscale, yielding unique structures with applications across various fields. One common approach involves subjecting carbon sources to extreme conditions of high pressure and temperature, akin to natural diamond formation, resulting in nanodiamonds. Another method employs chemical vapor deposition, where carbon-containing gases are broken down into atoms and deposited onto a substrate to form diamond structures. Detonation of carbon-containing mixtures and shock compression are explosive methods that induce the transformation of carbon into nanodiamonds through rapid pressure changes. These versatile techniques cater to specific applications, and continual research ensures the evolution of nanodiamond synthesis for innovative uses. The general depiction of nanodiamond formation is given in Figure 3.
[image: Figure 3]FIGURE 3 | General depiction of various steps involved in preparation of nanodiamonds.
Recent advancements in nanodiamonds
Improved drug loading capacity
Researchers have been exploring novel methods to enhance the drug loading capacity of nanodiamonds. For example, surface modifications with specific functional groups or the use of polymer coatings have been investigated to increase the loading efficiency and stability of drugs on nanodiamonds.
Targeted drug delivery
Advancements have been made in the development of targeted drug delivery systems using nanodiamonds. Researchers have been working on functionalizing nanodiamonds with targeting ligands, such as antibodies or peptides, to enable specific interactions with target cells or tissues. This allows for more precise drug delivery, reducing off-target effects and improving therapeutic outcomes (Shenderova and Zhirnov, 2013).
Controlled drug release
Recent research has focused on developing strategies for controlled drug release from nanodiamonds. By designing nanodiamonds with responsive properties, such as pH or temperature sensitivity, researchers aim to achieve on-demand drug release at the target site. This controlled release approach can enhance the therapeutic efficacy and reduce the frequency of drug administration.
Multimodal imaging and therapy
Nanodiamonds have been explored for their potential in combined imaging and therapy. By incorporating imaging agents, such as fluorescent dyes or magnetic nanoparticles, onto the nano-diamond surface, researchers can monitor drug delivery and therapeutic response in real-time. This multimodal approach allows for personalized medicine and improved treatment outcomes (Yuan and Liu, 2018).
Bioimaging applications
Nanodiamonds have shown promise as contrast agents for bioimaging techniques, such as magnetic resonance imaging (MRI) and fluorescence imaging. Their unique optical and magnetic properties make them suitable for enhancing imaging resolution, providing better visualization of tissues or specific cell populations.
Translational features of nanodiamonds
Nanodiamonds hold significant translational potential across multiple fields, including medicine, diagnostics, and biotechnology. Ongoing research and development are exploring their practical applications and paving the way for their translation into real-world use. Here are some areas where nanodiamonds show promising translational potential.
1. Drug Delivery Systems: Nanodiamonds have the potential to revolutionize drug delivery systems by enhancing drug stability, enabling targeted delivery, and providing controlled release of therapeutics. Ongoing research aims to optimize nano-diamond-based drug delivery platforms for specific diseases, improving treatment efficacy and reducing side effects (Alhaddad et al., 2018a).
2. Imaging and Diagnostics: The unique optical and magnetic properties of nanodiamonds make them attractive for various imaging modalities and diagnostic applications. Ongoing studies are focused on harnessing nanodiamonds as contrast agents for advanced imaging techniques, including MRI, fluorescence imaging, and Raman spectroscopy. The development of nano-diamond-based imaging agents holds promise for early disease detection, personalized medicine, and improved diagnostic accuracy.
3. Biosensors and Bioassays: Nanodiamonds are being explored as building blocks for biosensors and bioassays due to their exceptional surface chemistry and biocompatibility. Ongoing research is focused on utilizing nanodiamonds for ultrasensitive detection of biomarkers, environmental pollutants, and disease-specific molecules. Their high surface area and robustness make nano-diamond-based biosensors promising tools for rapid and sensitive diagnostic applications (Krueger, 2019).
4. Tissue Engineering and Regenerative Medicine: Nanodiamonds have shown potential in tissue engineering and regenerative medicine applications. Ongoing research is investigating the use of nanodiamonds as scaffolds or additives in biomaterials for promoting cell adhesion, proliferation, and differentiation. The unique properties of nanodiamonds, such as their biocompatibility and ability to support cellular functions, make them valuable tools for tissue engineering and regenerative medicine approaches (Perevedentseva et al., 2013).
5. Theranostics: Nanodiamonds have the potential to integrate therapeutic and diagnostic functions into a single platform, known as theranostics. Ongoing research is exploring the development of nano-diamond-based theranostic systems that can simultaneously deliver therapeutics to the target site and provide real-time monitoring of treatment response. This integrated approach holds promise for personalized medicine, allowing for tailored therapies based on individual patient needs. Table 3 provides critical assessment of various drugs utilized in nanodiamonds to improve therapeutic efficacy.
TABLE 3 | Drugs utilized in nanodiamonds to improve therapeutic outcomes.
[image: Table 3]Emerging technologies integrated with nanodiamonds in drug delivery
Several emerging technologies have the potential to synergize with nanodiamonds and further amplify their capabilities in drug delivery. These technologies offer innovative ways to address existing limitations and improve the precision, efficiency, and control of drug release from nanodiamond-based systems. Some of these technologies include:
Gene Editing and Therapy: Integrating nanodiamonds with gene editing tools like CRISPR-Cas9 could enable targeted delivery of genetic materials for therapeutic purposes. Nanodiamonds could serve as carriers for CRISPR components, enhancing their delivery to specific cells or tissues, and improving the efficiency of gene editing therapies (Chen et al., 2009b).
Nanotechnology-Enabled Drug Targeting: Combining nanodiamonds with advanced targeting strategies, such as ligand-receptor interactions or antibody conjugation, can enhance the specificity of drug delivery. By attaching targeting ligands to nanodiamond surfaces, drug-loaded nanoparticles can be guided precisely to diseased cells or tissues, minimizing off-target effects (Chow et al., 2011).
Responsive Nanomaterials: Developing responsive nanomaterials that can be triggered by external stimuli, such as light, heat, or magnetic fields, can provide on-demand drug release from nanodiamonds. By incorporating these stimuli-responsive elements into the nanodiamond-based systems, researchers can achieve precise spatiotemporal control over drug release (Haziza et al., 2015).
Microfluidics and Lab-on-a-Chip Devices: Microfluidic technologies can be integrated with nanodiamonds to create lab-on-a-chip devices for real-time monitoring of drug release. These devices allow for the continuous monitoring of drug concentration, enabling feedback-driven control of drug delivery based on therapeutic needs (Krueger, 2013).
Biosensors and Imaging Modalities: Nanodiamonds possess unique optical properties that make them ideal candidates for biosensing and imaging applications. By engineering nanodiamonds to carry specific biomarkers or imaging agents, they can be used to monitor drug release, assess treatment efficacy, and provide real-time feedback (Bumb et al., 2009).
3D Printing and Personalized Medicine: Nanodiamonds can be incorporated into 3D-printed drug delivery matrices, enabling the creation of personalized implantable devices. Such devices can be tailored to patient-specific needs, allowing for controlled and localized drug release over extended periods.
Artificial Intelligence (AI) and Machine Learning: AI-driven approaches can optimize drug delivery systems by analyzing large datasets to predict the behavior of nanodiamond-based carriers in different biological environments. AI can help design personalized drug delivery strategies based on patient-specific characteristics and disease profiles.
Nanodiamonds for Combination Therapies: Integrating nanodiamonds with multiple therapeutic agents, including drugs, nucleic acids, and nanoparticles, can enable synergistic combination therapies. These therapies can target multiple aspects of a disease simultaneously, improving treatment outcomes (Yang et al., 2013).
Bioinformatics and Systems Biology: Leveraging bioinformatics and systems biology approaches can enhance the understanding of nanodiamond interactions with biological systems. This knowledge can guide the design of more effective drug delivery systems and predict potential adverse effects.
Miniaturized Sensors and Wearable Devices: Nanodiamond-based drug delivery systems can be integrated into wearable devices equipped with sensors. These devices can monitor physiological parameters and adjust drug release rates in real time, offering personalized and adaptable therapeutic interventions (Perevedentseva et al., 2009). The compiled assembly of various pharmaceutical applications of nanodiamonds is given in Figure 4.
[image: Figure 4]FIGURE 4 | Pharmaceutical applications of pharmaceutical nanodiamonds.
Current limitations or safety concerns of nanodiamonds in clinical applications
The use of nanodiamonds in clinical applications holds significant promise, yet it is accompanied by several limitations and safety concerns that must be addressed for their successful integration into medical practice. Despite their generally favorable biocompatibility, concerns about potential toxicity persist (Alhaddad et al., 2018c). While nanodiamonds have shown promise in preclinical studies, the long-term effects of their accumulation in tissues and organs remain inadequately understood, necessitating in-depth investigations into potential adverse effects. Moreover, the modifications and coatings used to functionalize nanodiamonds can influence their biocompatibility and trigger immune responses, potentially leading to inflammation, immune system activation, or even rejection (Perevedentseva and Chang, 2013). The biodistribution and clearance mechanisms of nanodiamonds within the body require detailed characterization to ensure that they do not accumulate in specific organs or tissues, which could result in localized toxicity or unintended effects. Furthermore, the impact of factors like nanodiamond size, surface charge, and functional groups on their interactions with cells, proteins, and biomolecules must be thoroughly explored to mitigate potential safety risks (Neugart et al., 2007). As a relatively novel area of research, the long-term effects of nanodiamond-based therapies on human health remain a subject of ongoing investigation. The consistency of nanodiamond manufacturing processes is also a challenge, as variations can impact their safety and efficacy. Regulatory approval processes, while essential for ensuring patient safety, can pose delays in translating promising nanodiamond research into clinical applications (Sotoma et al., 2015). Additionally, concerns about nanodiamond aggregation, interactions with biomolecules, and potential environmental impact must be carefully addressed through comprehensive research and collaboration among various stakeholders. In sum, while nanodiamonds hold immense potential, a comprehensive understanding of their safety profile and thorough research is imperative to harness their benefits and mitigate any potential risks in clinical settings (Schrand et al., 2014).
Ethical concerns and environmental impact of nanodiamonds
The integration of nanodiamonds into drug delivery systems presents a promising avenue for medical advancements, yet it is accompanied by a range of ethical concerns that necessitate careful consideration. Foremost among these concerns is the long-term safety of nanodiamonds within the human body. While initial studies have indicated their biocompatibility, the potential consequences of prolonged exposure remain largely uncharted territory. Ensuring that nanodiamonds do not accumulate in tissues over time and that they do not pose latent health risks is a paramount ethical obligation (Lee et al., 2014). Additionally, the possible toxicity of nanodiamonds and their biodegradability warrant thorough examination. As foreign nanoparticles, their interactions with biological systems need comprehensive assessment to ascertain whether they trigger unexpected cellular responses or unwanted immune reactions (Mo et al., 2012). These unintended consequences could have far-reaching implications for the safety and efficacy of nanodiamond-based drug delivery systems. Moreover, ethical considerations extend beyond human health to the environment (Li J-L. et al., 2019). The manufacturing, utilization, and disposal of nanodiamonds could potentially release these nanoparticles into ecosystems, raising concerns about their impact on wildlife and natural ecosystems. Regulatory oversight must be agile enough to keep pace with rapid nanodiamond research developments to ensure rigorous evaluation and comprehensive testing before introducing these therapies into clinical practice. Equitable access to nanodiamond-based therapies also emerges as a concern, guarding against potential disparities in healthcare delivery (Zhang et al., 2020). To navigate these ethical complexities, interdisciplinary collaboration among researchers, clinicians, ethicists, regulatory bodies, and policymakers is indispensable. A responsible approach that emphasizes risk assessment, comprehensive research, transparent communication, and equitable distribution is imperative to harness the potential of nanodiamonds for drug delivery while safeguarding human health and the environment (Yoon et al., 2020).
Future prospects
Nanodiamonds have emerged as a promising tool in the field of drug delivery, offering significant advancements and holding promising future prospects. Recent research has contributed to their development and understanding, and ongoing studies continue to uncover new possibilities. Here are some recent advancements and future prospects in the field of nano-diamond-based drug delivery.
1. Enhanced Drug Loading and Delivery Efficiency: Recent advancements have focused on improving the loading capacity and delivery efficiency of nanodiamonds. Strategies such as surface functionalization, polymer coatings, and encapsulation techniques have been optimized to enhance drug loading, stability, and controlled release. These advancements enable more efficient and targeted delivery of therapeutics to the desired sites of action (Lewinski et al., 2008).
2. Targeted Delivery and Precision Medicine: Nanodiamonds have shown promise in targeted drug delivery. Recent developments include the incorporation of targeting ligands, such as antibodies or peptides, onto nano-diamond surfaces for specific interactions with target cells or tissues. This targeted approach allows for site-specific drug delivery, reducing off-target effects and improving therapeutic outcomes. The future prospects involve the customization of nanodiamonds to match specific patient profiles, enabling personalized medicine approaches (Zhang W. et al., 2011).
3. Combination Therapy and Multifunctionality: Nanodiamonds offer the potential for combination therapy by carrying multiple drugs or therapeutic agents simultaneously. Recent studies have explored the co-loading of different drugs or combining therapeutic agents with diagnostic capabilities, such as imaging agents. This multifunctionality of nanodiamonds opens avenues for synergistic treatments and improved therapeutic outcomes (Nel et al., 2006).
4. Stimuli-Responsive Drug Release: Advancements in nano-diamond-based drug delivery systems include the development of stimuli-responsive nanodiamonds. These nanodiamonds can release drugs in response to specific triggers such as pH, temperature, light, or enzymes. This controlled drug release feature allows for precise temporal and spatial control over drug administration, maximizing therapeutic efficacy while minimizing side effects (Liu et al., 2008).
5. Overcoming Biological Barriers: Nanodiamonds show promise in overcoming biological barriers, such as the blood-brain barrier (BBB), which limits drug delivery to the central nervous system. Recent research has explored surface modifications and functionalization strategies to enhance the transport of nanodiamonds across biological barriers, opening up opportunities for the treatment of neurological disorders and diseases. (Lin et al., 2006).
6. Biocompatibility and Safety Considerations: Ongoing research aims to improve the biocompatibility and safety profiles of nano-diamond-based drug delivery systems. Recent advancements have focused on understanding the long-term effects and potential immune responses associated with nanodiamonds. By addressing biocompatibility and safety concerns, nanodiamonds can be further optimized for clinical translation (Duncan, 2006).
CONCLUSION
While significant progress has been made in understanding the potential of nanodiamonds, there is still a need for further research, optimization, and safety evaluations to translate these advancements into clinical and commercial applications. Nonetheless, the ongoing translational potential of nanodiamonds across these diverse areas holds promise for addressing critical challenges in healthcare and biotechnology, with the potential to improve patient outcomes and advance medical practices.
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Type of nanodiamonds

Detonation Nanodiamonds (DND)

Description

Produced through explosive detonation, resulting in small diamond particles with irregular shape and a range of surface functional
groups

Ultradispersed Nanodiamonds (UDD)

Surface-Modified Nanodiamonds

Polymer-Coated Nanodiamonds
Fluorescent Nanodiamonds

Magnetic Nanodiamonds

Core-Shell Nanodiamonds

Nano-diamond powder or dust produced by milling and grinding, exhibiting a more uniform size distribution compared to DNDs

Nanodiamonds chemically modified to introduce specific functional groups or coatings for tailored properties and enhanced
compatibility

Nanodiamonds coated with polymers like PEG, PEIL or PLGA to improve stability, biocompatibility, and solubility
Nanodiamonds with intrinsic fluorescence due to nitrogen-vacancy (NV) centers, enabling applications in imaging and sensing

Nanodiamonds doped with magnetic impurities, suitable for applications in MRI, drug targeting, and magnetic hyperthermia
therapy

Nanodiamonds with a diamond core and a different material shell, providing additional functionalities or controlled drug release
capabilities
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Modification strategy escripti

Covalent Functionalization Attachment of functional groups to nano-diamond surface through covalent bonding, Examples include carboxylation, amination, or
thiolation
Non-Covalent Functionalization Adsorption or absorption of molecules onto the nano-diamond surface through non-covalent interactions, such as electrostatic

interactions or hydrophobic interactions

Polymer Coating Coating nanodiamonds with a layer of polymer, such as polyethylene glycol (PEG), polyethyleneimine (PEI), or poly (lctic-co-glycolic
acid) (PLGA). Polymer coatings enhance stability, biocompatibility, and solubility

Biomolecule Conjugation Attachment of biomolecules, such as antibodies, peptides, or nucleic acids, to the nano-diamond surface for targeted interactions with
specific cells or tissues

Encapsulation Loading of drugs or therapeutic molecules within the internal voids or interstitial spaces of nanodiamonds, providing protection and
controlled release capabilities

Surface Charge Modification Alteration of the surface charge of nanodiamonds through functionalization, allowing for optimized interactions with biological
entities and improved drug loading efficiency

Surface Engineering with Ligands Introduction of ligands onto the nano-diamond surface to enhance specific interactions, such as targeting ligands or receptor-specific
ligands
Crosslinking Creation of chemical bonds between nanodiamonds, or between nanodiamonds and other materials, to improve stability and

mechanical properties

Self-Assembly Utilization of self-assembly processes to organize nanodiamonds into ordered structures, enabling the creation of hierarchical
architectures or controlled drug release systems
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Application/ Potential observations

Therapeutic area

Doxorubicin Cancer chemotherapy Increased cellular uptake and sustained release Zhang et al.
(2011a)

Paclitaxel Cancer chemotherapy Improved solubility and enhanced antitumor efficacy Zhang et al.
(2011c)

Curcumin Anti-inflammatory, anticancer | Enhanced stability and targeted delivery Sun et al. (2015)

Camptothecin Cancer chemotherapy Prolonged circulation time and controlled release Chow et al. (2011)

Methotrexate Rheumatoid arthritis, cancer | Improved bioavailability and reduced systemic toxicity Li et al. (2020)

Docetaxel Cancer chemotherapy Enhanced tumor penetration and reduced side effects Shaffer et al.
(2014)

Gemcitabine Cancer chemotherapy Increased drug accumulation in tumors Man et al. (2013)

Cisplatin Cancer chemotherapy Enhanced intracellular delivery and tumor selectivity Wang et al. (2011)

Insulin Diabetes Extended release and improved glycemic control Jain et al. (2021)

SIRNA Gene therapy Nanodiamond-mediated siRNA delivery showed efficient gene silencing Mochalin et al.
(2012)

Antibiotics Infection treatment Nanodiamonds enabled controlled antibiotic release Zhang et al. (2009)

Osteoporosis drugs Bone health treatment Nanodiamond-based delivery enhanced drug uptake by bone cells Chandra et al.
(2018)

Combination therapy | Combination therapy Nanodiamonds allowed simultaneous delivery of multiple anticancer agents, leading to  Schrand et al.

drugs synergistic effects and improved outcomes (2007)

Growth factors Tissue regeneration Nanodiamonds facilitated controlled release of growth factors, enhancing tissue repair and | Alhaddad et al.

regeneration (2018b)
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