[image: image1]A review of metallic nanoparticles: present issues and prospects focused on the preparation methods, characterization techniques, and their theranostic applications

		REVIEW
published: 14 August 2024
doi: 10.3389/fchem.2024.1398979


[image: image2]
A review of metallic nanoparticles: present issues and prospects focused on the preparation methods, characterization techniques, and their theranostic applications
Mona Shahalaei1†, Abul Kalam Azad2*†, Wan Mohd Azizi Wan Sulaiman2, Atefeh Derakhshani3, Elmira Banaee Mofakham1, Mireia Mallandrich4, Vinoth Kumarasamy5* and Vetriselvan Subramaniyan6
1Biomaterial Group, Nanotechnology and Advanced Materials Department, Materials and Energy Research Center, Karaj, Iran
2Department of Pharmaceutical Technology, Faculty of Pharmacy, University College of MAIWP International (UCMI), Kuala Lumpur, Malaysia
3Department of Tissue Engineering and Applied Cell Sciences, Faculty of Advanced Technologies in Medicine, Tehran University of Medical Sciences, Tehran, Iran
4Department of Pharmacy, Pharmaceutical Technology and Physical-Chemistry, Faculty of Pharmacy and Food Sciences, University of Barcelona, Barcelona, Spain
5Department of Parasitology and Medical Entomology, Faculty of Medicine, Universiti Kebangsaan Malaysia, Kuala Lumpur, Malaysia
6Department of Medical Sciences, School of Medical and Life Sciences, Sunway University, Sunway, Malaysia
Edited by:
Mahendra Rai, Sant Gadge Baba Amravati University, India
Reviewed by:
Sudhir Shende, Southern Federal University, Russia
Graciela Dolores Avila-Quezada, Autonomous University of Chihuahua, Mexico
Ahmad A. Omar, University of Florida, United States
* Correspondence: Vinoth Kumarasamy, vinoth@ukm.edu.my; Abul Kalam Azad, azad2011iium@gmail.com
†These authors have contributed equally to this work
Received: 11 March 2024
Accepted: 04 July 2024
Published: 14 August 2024
Citation: Shahalaei M, Azad AK, Sulaiman WMAW, Derakhshani A, Mofakham EB, Mallandrich M, Kumarasamy V and Subramaniyan V (2024) A review of metallic nanoparticles: present issues and prospects focused on the preparation methods, characterization techniques, and their theranostic applications. Front. Chem. 12:1398979. doi: 10.3389/fchem.2024.1398979

Metallic nanoparticles (MNPs) have garnered significant attention due to their ability to improve the therapeutic index of medications by reducing multidrug resistance and effectively delivering therapeutic agents through active targeting. In addition to drug delivery, MNPs have several medical applications, including in vitro and in vivo diagnostics, and they improve the biocompatibility of materials and nutraceuticals. MNPs have several advantages in drug delivery systems and genetic manipulation, such as improved stability and half-life in circulation, passive or active targeting into the desired target selective tissue, and gene manipulation by delivering genetic materials. The main goal of this review is to provide current information on the present issues and prospects of MNPs in drug and gene delivery systems. The current study focused on MNP preparation methods and their characterization by different techniques, their applications to targeted delivery, non-viral vectors in genetic manipulation, and challenges in clinical trial translation.
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1 INTRODUCTION
Green nanotechnology, or nanotechnology, is an important science that deals with the development of particulate systems with a nanosize range of 1 nm–100 nm to encapsulate living cells to deliver through biological pathways (Vijayaram et al., 2024). Particles in the nanosize range have shown improved physio-chemical properties in terms of morphology and biodistribution, which are not exhibited by larger particles of bulk material (Willems, 2005). Due to their high superficial volume ratio, the potential to interact with the molecular or cellular process, and the possibility of affecting their functions, nanoparticles are widely attractive for various biomedical applications, organic and inorganic chemistry, molecular biology, and physics (Nath and Banerjee, 2013). Metallic nanoparticles, or metal nanoparticles (MNPs), are a newly emerged form of nanoparticles (Rai et al., 2017; Ali et al., 2021). MNPs have gained significant recognition in many research areas, as they have been suggested as a promising alternative tool for targeted-site, sustained, and controlled drug delivery attributed to their novel size-dependent behavior and related properties (Sengani et al., 2017). Furthermore, MNPs may be produced using a straightforward laboratory technique in a variety of size ranges with a low dispersity index. They are also biocompatible, non-toxic, and inert. Because of their straightforward structure and ease of synthesis, MNPs offer straightforward and flexible surface functionalization. Because of these characteristics, MNPs offer a promising platform for the binding of targeting ligands on the surface at low core diameter sizes, making them ideal for use in drug delivery systems (Sathali et al., 2012).
MNPs have various reaction response mechanisms and can easily penetrate the target organs and cross biological membrane barriers. MNPs can alter cellular function by binding with cellular proteins and nucleic acids and expressing enhanced biological activity due to their smaller particle size and correspondingly high surface area (Nasrollahzadeh et al., 2015). Gold and silver have obtained more attention than other MNPs (Punjabi et al., 2015). For instance, gold is widely used in medicines, and its nanoparticles are used in different drug delivery and diagnostic cases (Bhumkar et al., 2007; Narayanan and Sakthivel, 2008; Jafari et al., 2018). The wide application and recognition of MNPs as targeted drug delivery vehicles are mainly attributed to their high degree of drug-carrying capacity with the least toxicity (Das et al., 2024) and fewer side effects despite the high loading of drugs with various coatings like polymers, SiO2, inorganic metals, etc. They are used to modify the surface of MNPs to make them appropriate for drug delivery.
1.1 Methods of synthesizing MNPs
The two most commonly investigated approaches to acquiring nanomaterials of desired features are the top-down method (dispersion) and bottom-up (condensation) method (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic illustration of MNP synthesis methods.
1.2 Top-down method
The top-down method is a destructive approach that utilizes the concept of decreasing the size of starting bulk metals l mm to a nanosized range using various physical and chemical treatments (Isaacoff and Brown, 2017). This approach includes mechanical methods (ball milling), sputtering deposition, and vapor methods. In the ball-milling method, bulk powder is subjected to high-energy hitting impact from the rotating solid balls in a series of parallel layers. The balls may roll down on the surface of the chamber containing bulk material (Yadav et al., 2012; Rajput, 2015).
The mechanochemical method combines the mechanical and chemical characteristics of a metal at its molecular level, and nanoparticles can be obtained by applying the mechanical aspects of a ball mill operating at low temperatures and with the use of a size-reducing agent to perform the chemical reaction (Paskevicius et al., 2009; Ghorbani, 2014). Vapor deposition requires high temperature or pulse irradiation and contains laser ablation and gas evaporation. Laser ablation depends on laser irradiation. The bulk target material is exposed to a pulsed laser and heated to its boiling point. This leads to the fragmentation of the target, which condenses to produce MNPs (Ghorbani, 2014). Bimetallic nanoparticles (BMNPs) such as Mf-AI and ZnoAl are produced. MNPs can be synthesized by the combination of two metals (bimetallic), three metals (trimetallic), or more than three metals. Magnesium nanoparticles are preferred over monometallic particles due to their satisfactory stability, catalytic, and selectivity activity. They are widely used in various fields, with a particular focus on protein conjugation and modified drug delivery (Pankhurst et al., 2003). Sharma et al. (2019) reported that the metal changed its state from its molten state into a chamber charged with inert gas following the gas evaporation technique. MNPs are formed by the condensation of the gaseous metals. The purity and type of the inert gas atmosphere influence the properties of the produced nanoparticles (Swihart, 2003; Ghorbani, 2014).
1.3 Bottom-up method
In the bottom-up technique, nanoparticles are formed by joining smaller atoms and molecules, so this method is also called the building-up method. Laser pyrolysis, spray pyrolysis, and green synthesis are examples of this method. The laser pyrolysis method involves the application of laser energy to form nanoparticles. The precursor absorbs laser energy, such as infrared CO2 lasers, to incite homogeneous nucleation reactions (Swihart, 2003). In the spray pyrolysis technique, nanoparticle precursors in a vapor state are directly carried by a nebulizer into the hot reactor. Metals such as nitrate, acetate, and chloride are often used as metal precursors (Okuyama and Lenggoro, 2003).
In general, physical and chemical approaches require high energy consumption, are expensive, and use poisonous and risky chemical agents that are responsible for many hazards to the environment (Nath and Banerjee, 2013). Against those limitations, “green synthesis” techniques are gaining attention in contemporary research into the development of nanoparticles. Green synthesis avoids the production of undesirable or dangerous by-products through the build-up of dependable, eco-friendly, and sustainable synthesis procedures. Additionally, green synthesis is cost-effective and does not involve the use of high energy, temperature, pressure, and toxic chemicals (Singh et al., 2018).
Microorganisms and various plants can synthesize MNPs by utilizing microbial enzymes, polysaccharides, vitamins, and other biological and biodegradable substrates (Korbekandi et al., 2009). The synthesized nanoparticles from these microorganisms have found applications in different fields and have less toxicity. These properties make MNPs an appropriate option for developing drug delivery systems and as carrier material for sensors in diagnostic devices (Khandel and Shahi, 2016). Biogenic MNPs can be created in two less time-consuming ways: either by combining the metal salt with intra- and extracellular extracts of microorganisms at ambient temperature or by reducing metallic ions to their stable forms where enzymes act as reducing agents (Sadowski et al., 2008; Deplanche et al., 2010). Bacterial species are used extensively in commercial biotechnological applications such as genetic engineering, bioleaching, and bioremediation (Singh et al., 2018). Bacteria can reduce metal ions, and due to their low energy consumption and process controllability, they are a favorable source of synthesizing MNPs (Fang et al., 2019). Among the bacterial species, Actinomycetes and Prokaryotic bacteria have been widely explored for making metal or metal oxide nanoparticles. A single bacteria can alter the toxicity of metal ions into non-toxic, safe NPs. Another important species of microorganisms is fungus. Compared to all other microorganism species, fungus has shown higher productivity and tolerability to metals (Singh et al., 2016). Syntheses that use fungi and yeast can be done via intracellular and extracellular approaches. The expression of mycelia provides a high surface area, which supports the fungus in secreting more proteins than bacteria, which consequently results in a tremendous increase in MNP production. Various types of algae have also been found to be capable of holding heavy metals and, therefore, can also be used to synthesize MNPs of heavy metals such as gold and silver (Shnoudeh et al., 2019). Plants biomolecules, such as proteins, carbohydrates, and coenzymes, may have the potential to reduce metal salt into nanoparticles (Singh et al., 2018). The MNPs from plant extract can be prepared simply by mixing the metal salt solution with the extract of the plant of interest (Malik et al., 2014). The size, surface morphology, and quality aspects of MNPs prepared from plant extract depend on the mixing ratio of plant extract and metal salt and the reaction temperature (Malik et al., 2014). Details of some MNPs synthesized by microorganisms and plants, their characteristics, and indications are summarized in Tables 1, 2, respectively. The rate of green synthesizing of MNPs, their size, and morphology could be managed and modified by manipulating and controlling the parameters including temperature, pH, concentration of substrate, exposure time to substrate (Figure 2) (Punjabi et al., 2015), and light (Raut et al., 2014).
TABLE 1 | Green syntheses of MNPs from various microorganisms.
[image: Table 1]TABLE 2 | Green synthesis of MNPs from plant and their extracts.
[image: Table 2][image: Figure 2]FIGURE 2 | Factors affecting the green synthesis of MNPs.
2 CHARACTERIZATION TECHNIQUES OF MNPS
Characterization of MNPs is a crucial step for identifying the nanoparticles according to their size, morphology, dispersity, chemical composition, and surface area (Khandel and Shahi, 2016). Understanding the detailed surface morphological properties of MNPs helps select the most relevant functional groups for surface functionalization in order to find a suitable therapeutic use for MNPs. Two techniques are employed for this purpose: a) identification of the size, morphology, topography, and conformity and b) functional group determination. These categories and their methods are summarized in Figure 3 (Shnoudeh et al., 2019).
[image: Figure 3]FIGURE 3 | Various methods and the classification for determination of MNPs.
2.1 Imaging techniques
2.1.1 Optical imaging
Optical imaging is a recent biomedical and clinical imaging strategy for non-invasive monitoring inside the body, and the images obtained offer good cellular resolution. This approach detects photons released by bioluminescent, fluorescent (two-photon fluorescence (TPF) and fluorescence lifetime imaging microscopy (FLIM)), or even Raman (RS) probes in the visible and near-infrared (NIR) regions. Unlike other techniques, such as X-rays that use ionizing radiation, optical imaging is regarded as a safer radiation imaging strategy that is perfect for repeating these procedures and is also moderately cost-effective. In addition, optical imaging is significantly amenable to extending over a wide region of wavelength and resolution, and multimodal and optical imaging are generally employed in combination with other imaging methods (Pouratian and Sheth, 2009; Arranz and Ripoll, 2015). Emerging optical imaging strategies, including FLIM, can be employed to monitor the cellular uptake of theranostic (therapeutic and diagnostic) nanoparticles and drug release. Optical imaging has some limitations, including superficial tissue penetration, background noise because of the auto-fluorescence of tissue and protein, and other component absorption at different wavelengths.
Huang et al. (2013) developed a versatile theranostic platform for early-stage tumor detection and targeted orthotopic glioblastoma based on multifunctional mesoporous silica nanoparticles for delivering mesenchymal stem cells (Huang et al., 2013). Song et al. (2017) enhanced the physico-optical properties of branched nanoporous gold nanoshell (BAuNSP) for optical imaging and cancer therapy by controlling the porosity and roughness. A rather novel optical imaging approach operates on light-scattering principles like Raman spectroscopy. The Raman effect is relatively weak and requires generating a plasmon resonance by a surface of metallic nanoparticles (MNPs) that expands the electromagnetic field and improves the Raman signal by multiple orders of magnitude. Similar optical approaches have been reported for photothermal therapy and surface-enhanced Raman scattering (SERS) imaging (Wen et al., 2019; Tabish et al., 2020; Sarbadhikary et al., 2021; Sun et al., 2017) including real-time monitoring and releasing the polydopamine from gold nanorods (AuNRs) under near-infrared (NIR) laser irradiation (Sun et al., 2017). In the new study, researchers developed a novel in-vivo X-ray excited optical luminescence (XEOL) imaging agent for deep tissue visualization based on europium-doped TaOx nanoparticles (Narasimhan et al., 2021).
2.1.2 Magnetic imaging
2.1.2.1 Magnetic resonance imaging (MRI)
MRI is a safe and non-invasive imaging method that produces images based on nuclear magnetic resonance (NMR) of the relaxation properties of hydrogen nuclei (in water and fat) in a strong applied magnetic field. MRI has a suitable spatial resolution but limited sensitivity. However, this imaging method has been used in theranostic applications such as tracking cellular uptake and cell therapy to monitor drug release and its effects on the environment. The application of MRI using nanoparticles is a promising tool for researchers and clinicians, allowing them to monitor the progress of peripheral arterial disease (PAD) effectively via the inclusion of imaging agents, which are classified as T1 and T2 shortening agents. The most commonly used nanoparticle in this method in the former stage is gadolinium (Gd), a contrast agent that can brighten MRI images, while the latter revolves around iron oxide nanoparticles. T2 shortening agents such as magnetic iron oxide (Fe2O3 and Fe3O4) participate in this imaging tool by facilitating extravasation within the vascular tissues, where they are taken by macrophatic cells (Ahrens and Bulte, 2013; Serkova, 2017). Guo et al. (2012) described a T-cell–targeted theranostic platform based on SPION (superparamagnetic iron oxide nanoparticles) for detecting acute allograft rejection after an allogeneic heart transplant.
PEGylated-DOX-gadolinium-gold nanorods were developed as a new theranostic complex by Khan et al. (2019) that can provide multifunctional features. This nanoplatform improved the tumoral toxicity in human pancreatic cancer cell lines (MIAPaCa-2) compared to doxorubicin. Furthermore, an enhanced permeability retention (EPR) effect in MRI enables positive contrast for imaging and an adjusted size for passive targeting of tumor sites (Khan et al., 2021). Similarly, a multifunctional theranostic system based on doxorubicin-loaded onto PEGylated gadolinium nanoparticles (Gd-NP) and graphene oxide (GO) functionalized by folic acid (FA) exhibited very good photothermal-chemotherapeutic efficacy targeting effects and diagnostic ability of the tumor site (Shi et al., 2016).
Metallic theranostic nanoplatforms promising therapeutic and bioimaging properties provide a real practical therapeutic entity in the biomedical field (Korolev et al., 2021). Janus metallic nanoplatforms, with their unique optical, thermal, magnetic, and electric structures and properties, are also considered for theranostic nanoplatforms based on a stimuli-responsiveness manner (Shao et al., 2021).
2.1.2.2 Magnetic particle imaging (MPI)
Magnetic particle imaging (MPI) is a tomographic technique that can provide the 3D distribution of superparamagnetic iron oxide nanoparticles (SPIONs). Unlike traditional bioimaging methods, MPI overcomes the limitations of tracking contrast elements or in vivo tracers. The signal produced by MPI is derived primarily from nanoparticles rather than surrounding tissue (Borgert et al., 2012; Panagiotopoulos et al., 2015). Therefore, mixing MPI with an additional tomographic method permits the registration of nanoparticle signals and other anatomical data, which improves the diagnostic potential. In the external magnetic field, MNPs are extremely saturated and magnetized. In the same way, when SPIONs placed in the field-free region (FFR) are exposed to magnetic fields, the particles continuously oscillate (Talebloo et al., 2020). To generate a signal, the FFR crosses a place containing the particles, and the magnetization changes in response. MPI presents perfect image contrast because that does not indicate noise from the background tissues. In addition, there is no signal debilitation of depth in tissue, permitting bioimaging of depth inside the organs quantitatively.
Recent investigations have indicated the ideal possibility of MPI for radiation-free, very sensitive vascular bioimaging and cellular tracking (Zhou et al., 2018). An in vivo study by Mohtashamdolatshahi et al. presented a new MPI agent focusing on multicore nanoparticles (MCP 3). Their results demonstrate that the nanoplatform provides suitable quality images even at a lower dosage (Mohtashamdolatshahi et al., 2020). In a novel study by Irfan et al., NiFe2O4 coated and functionalized with citric acid and PAA (polyacrylic acid) were introduced as bioimaging MPI platforms with high contrast and low relaxation time (Irfan, Dogan, Bingolbali, and Aliew, 2021). Jiang et al. developed a mixed metal metal-organic platform based on ZnFe2O4/C@PDA (SPIONs supported by carbon) with high biocompatibility that can act as high-performance bioimaging agents (Jiang et al., 2021). Chen et al. (2014) reported a simulation of the reconstruction of MPI agents with high accuracy (Chen et al., 2022).
2.2 Ultrasound imaging
Ultrasound is a safe, cost-effective, and fairly fast imaging method. A transducer held against the skin emits sound with high-frequency waves, and the reflected echoes record and make images of internal organs and tissues. To acquire good-resolution images of tissues that are placed in the depths of the body, the contrast agents that produce gas can be employed to enhance imaging as the gases contain dissimilar acoustic properties from tissues or can motivate the environment with various acoustic properties (Moran and Thomson, 2020; Jani et al., 2021). This method is rather invasive. 
In the field of photodynamic therapy (PDT), Gao et al. published a research article on the use of ultrasound imaging to monitor oxygen-generating MnO2 nanoparticles (MnO2 NP). They used the reactivity of MnO2 NP to H2O2 and extended oxygen-generating, targeting to take account of the sufficient generated oxygen in the tumor site before starting photodynamic therapy. To improve ultrasound imaging, they created an ICG-HANP/MnO2 (IHM) nanocomplex by encapsulating a MnO2 NP in hyaluronic acid (HA) functionalized with indocyanine green (ICG). Moreover, the production of oxygen was seen with constant NIR laser irradiation for 10 h and increased cellular toxicity in SCC7 tumor-bearing rodents (Gao et al., 2017).
Another new theranostic strategy developed by Zhang et al. is based on a metal-organic framework as a dual-sonosensitizer nanoplatform in sonodynamic therapy (SDT). SDT exhibits excellent cell and tissue penetration with minor radiation harm to normal cells and tissues, making it a potential cancer therapeutic method. The Zr-MOF@AIPH nanoplatform is designed by loading an alkyl radical generator (AIPH) onto a zirconium metal-organic framework and can decrease the cavitation threshold, improving the acoustic cavitation effect, thereby facilitating penetration of that at the tumor site (Zhang et al., 2022). A novel class of sonosensitizer designed by a plain method, MnCO3 NPs, was employed to enhance SDT by Zhang et al. Their results showed that the CO2 bubbles induced necrosis in cells by ultrasonic cavitation and were employed for imaging. In addition, the in vitro experiments demonstrated increased rates of tumor inhibition due to triggering the mitochondrial pathway of apoptosis (Zhang et al., 2021). A novel biodegradable nanocomplex (CSI) was developed by catalase (CAT) encapsulation into SiO2 nanoparticles (CAT@SiO2) and ICG as a sonosensitizer for glioblastoma treatment. Moreover, to cross the blood–brain barrier, the CSI was coated with macrophage-derived exosomes (CSI@Ex) that were functionalized and modified with AS1411 aptamers (CSI@Ex-A) (T. Wu, Liu, Cao, and Liu, 2022).
2.3 Nuclear imaging
Nuclear bioimaging techniques such as single-photon emission computed tomography (SPECT) and positron emission tomography (PET) involve injecting radiolabeled tracers, radionuclides, into the body to investigate physiological functions. To acquire 3D images, gamma rays generated by the injected radionuclide agents are collected by a gamma camera (Brant and Helms, 2012). For decades, SPECT imaging has been a promising bioimaging method in nuclear medicine clinics. It uses low-cost radionuclides like technetium-99m (99 mTc), which can be extracted fresh from generators of molybdenum-based technetium and given to clinics on a regular schedule. 99 mTc offers various advantages for nuclear imaging, such as a half-life (approximately 6 h) and a 140 keV emission of gamma-ray, which is excellent for the scintillation crystals used in most clinic gamma cameras. PET is a method of nuclear imaging that employs positron emission to produce two 511 keV gamma-ray (high energy) photons that provide quantitative data (Shooli et al., 2019; L; Zhao et al., 2018).
Tsoukalas et al. developed a dual-manner nanoplatform (Fe3O4-DMSA-SMCC-BCZM-99mTc) based on modified and coated iron oxide nanoparticles for in vitro targeted SPECT and MRI of vascularization at the tumor site. Bevacizumab (BCZM) was used as a tumor angiogenesis inhibitor, and dimercaptosuccinic acid (DMSA) was offered as a functionalized group for improved biocompatibility. Initial imaging examinations proved the potential of their nanoplatform for targeted dual-manner imaging. Moreover, the results indicate that the nanoplatform could be a significant diagnostic tool for bioimaging and a good candidate for cancer theranostic applications (Tsoukalas et al., 2018).
Metal–phenolic nanoparticles (MPNs) have attracted attention in bioimaging owing to their versatility in constructing predesigned forms with special properties. Before MPNs can be used in biomedical applications, they must be optimized in selective applications to eliminate their drawbacks, such as accumulation in non-selective tissues and toxicity. Suárez-García et al. fabricated a metal–phenolic nanoplatform for in vivo SPECT/PET/CT imaging in tumor-bearing rodents. Their results demonstrated that polyphenols for the fabrication of hybrid nanoplatforms can be developed flexibly for effective use in bioimaging (Suárez-García et al., 2021).
2.4 Computed tomography
Computed tomography (CT) is an accepted and widely used technique that permits tissue imaging and provides complementary anatomical visualization alongside other imaging techniques, including SPECT and PET. CT can provide non-invasive, three-dimensional anatomical data on particular tissues, including cardiovascular, liver, gastrointestinal, and lung. One weakness of this method is its lack of sensitivity to contrast agents compared to other methods like MRI (Y. C. Dong et al., 2019). Yang et al. (2018) introduced a functionalized nanoplatform based on bismuth nanoparticles (BiNPs) as a feasible photothermal therapy (PTT) agent to be monitored by photoacoustic (PA) and CT imaging. Gao et al. presented a novel type of nanocage based on Au@PEG (AuNC@PEGs) with a great absorption coefficient for X-rays. The gold nanocages act as a contrast agent for CT scan imaging, and their results indicated that AuNC@PEGs maintained suitable dispensation in the aqueous phase, good biocompatibility, and great ability for X-ray absorption. Moreover, in vivo investigations have demonstrated that the AuNC@PEGs have an obvious contrast gain, prolonged circulation time, and poor toxicity. Thus, the functionalized AuNC@PEGs have excellent potential for biomedical application and are promising contrast agents in CT scan imaging (Y. Gao et al., 2020).
2.5 Hybrid bioimaging technique
Among the currently available imaging techniques, nuclear imaging, including SPECT and PET, presents an extremely sensitive and nano-invasive approach for quantitative analysis at the molecular level of physiological functions. However, these methods provide mainly practical data that may not directly relate to anatomical structures. The lack of high-contrast information in nuclear image information is a significant limitation of imaging techniques such as SPECT and PET (Cal-Gonzalez et al., 2018; Luengo et al., 2021). Better and more accurate images can be obtained of both soft and hard tissues using a combination of bioimaging methods (Shan et al., 2022).
Evertsson et al. developed the MMUS imaging technique based on a novel ultrasound approach that employs SPIONs as a contrast agent for hybrid imaging. The sentinel lymph node (SLN) rodent model was selected to evaluate the integrated magnetomotive ultrasound PET/CT and MRI 1 hour after an injection of 68Ga-labeled superparamagnetic iron oxide nanoparticles, and their results indicated that the nanoplatform provided feasible contrast enhancement (Evertsson et al., 2017). Moreover, SPIONs and Zr were employed as a T1/T2 dual-mode platform for hybrid PET-MRI imaging. The combination of PET and MRI indicates the remarkable sensitivity of spatial resolution and provides excellent contrast in soft tissues (Gholami et al., 2020).
Tran-Gia et al. examined the accuracy of quantitative hybrid Lu-177 SPECT and CT bioimaging in the MRT Dosimetry project (Tran-Gia et al., 2021). The combination of SPECT and CT can enhance the accuracy of sentinel node biopsy (SNB) for melanoma diagnostics. The benefit of hybrid imaging has implications for surgical procedures and pathology services with improved diagnostic and treatment (Moncrieff et al., 2022).
3 APPLICATION OF THERANOSTIC MNPS
Recently, MNPs have been used in several biomedical applications owing to their various physicochemical properties, suitable preparation methods, stability, and acceptable biocompatibility. MNPs can interact with the magnetic fields and even alter those in their vicinity, therefore elevating MRI. The external magnetic fields can generate various forces that result in the rotation, dissipation, and translation of energy. These phenomena indicate many applications in the cellular study of separation and biomarkers, delivery of protein cargo and targeted drugs using magnetism, stimulation of receptors on the cell surface through magneto-mechanical and biomedical theranostic applications, drug release triggers, and hyperthermia. Their usage in biomedical investigation depends on their properties, and the most important aspect is their biocompatibility (Wabler et al., 2014; Farinha et al., 2021).
3.1 Cancer
Because of their unique physicochemical properties, metallic nanoparticles (Au-based, Ag-based, and oxide-based), such as zinc oxide and iron oxide, have been widely used in biomedicine for a variety of applications, including bioimaging, drug and gene delivery, and theranostic. Lately, the biosynthesis of MNPs using green synthesis techniques has earned enormous attention owing to its considerable advantages over conventional techniques, which are discussed in many articles. Biosynthesized MNPs such as AuNPs and AgNPs have indicated potential practical application in anticancer drug delivery in vitro and in vivo. Several published reports of biosynthesis AuNPs conjugated with doxorubicin (Dox) and 5-fluorouracil have demonstrated a significant decrease in melanoma and breast tumor growth in rodent models (Ganeshkumar et al., 2013; Patra et al., 2015; Mukherjee and Patra, 2016). Moreover, the in vitro and in vivo anticancer activities of Dox-loaded DNA/AuNPs have shown superior results by inhibiting tumor cell growth in different human ovarian cancer cell lines, including SK-OV-3, HEY A8, and A2780 (Lee et al., 2020). In another article by Arkaban et al., a carrier for targeted imaging and therapeutics integrated with folic acid was introduced to deliver Dox conjugated AuNPs-based nanocomposite AuNPs@MnCO3/Mn3O4 coated with polyacrylic acid for capturing tumors in a targeted manner. The system performance is introduced as a therapeutic targeting and MRI contrast agent with a high capacity for doxorubicin delivery and high interaction with the folate receptor in breast cancer cells (Arkaban et al., 2021).
3.2 Bacterial
Antimicrobial resistance has increased the need to investigate novel and innovative approaches to antimicrobial therapy. Various innovative strategies under research include antimicrobial peptides (AMPs), antibodies, the antimicrobial activity of NPs, and phage therapy. Lately, MNP-based approaches have been extended to infections induced by drug-resistant bacteria and biofilms. The MNPs can destroy microbes through three essential mechanisms, including disrupting the cellular plasma membrane, releasing toxic ions, and generating reactive oxygen species (ROS) that interfere with bacteria components (Annunziato, 2019; León-Buitimea et al., 2020). Iron oxide nanoparticles, the leading class of MNPs, have some key significance owing to their magnetic and catalytic properties.
Biofilms are communities of bacteria that stick to different surfaces and are entrenched in a matrix of extracellular polymeric substances (EPS). Because of the broad antimicrobial blockage caused by EPS, biofilm treatment with conventional antibiotics is difficult (Xu, Akakuru et al., 2019). In other words, EPS is known as a local barrier. The EPS is like a bacterial shield and prohibits the diffusion of drugs, thereby resulting in bacterial resistance and making biofilm removal a difficult task. IONPs, owing to their paramagnetism properties, are widely used for developing magnetic microrobots. Moreover, they show unique properties such as peroxidase-like, which implies that the Fe in the structure can go forward to the Fenton reaction, inducing OH that destroys the matrix of biofilms (Cheng et al., 2021).
Nowadays, photothermal therapy (PTT) is regarded as a favorable and efficacious antibacterial method owing to its near non-invasiveness, in-depth penetration of tissue, easy operation, and absence of resistance (Behzadpour et al., 2019). Multimodal PTT is recognized as a beneficial strategy owing to short-time irradiation, decreased dose, and enhanced performance. Liu et al. reported a multifunctional magnetic nanoplatform based on copper ferrite nanoparticles that were functionalized with hemoglobin (Hb-CFNPs) (Liu, Luehmann et al., 2019). Due to the effective capability of light absorption, photoresponsive nanoplatforms can create heat that can destroy bacteria by interrupting bacterial cell membranes and inducing the denaturation of proteins, which causes cell death (Ren et al., 2020).
3.3 Vascular and arterial diseases
Cardiovascular disease (CVD) is the main cause of death worldwide. CVD is related to the heart and blood vessels, including myocardial infarction (MI), ischemic injuries, atherosclerosis, and thrombosis. Among CVD disorders, atherosclerosis is the most prevalent cause associated with inflammation of the blood vessels (Gaziano et al., 2006). The leading challenges in the diagnosis and treatment of these kinds of disorders are related to pathophysiological complexity. Theranostic nanoplatforms have been developed to eliminate the limitations of recent diagnostic and treatment strategies. The molecular mechanisms of CVD disorders have been extensively studied, and methods for developing specific nanoplatforms targeted at damaged cells have been developed (Brewer et al., 2015; Wu et al., 2021).
Cerebral venous thrombosis (CVT) was considered a rare disease; however, new research suggests that it is more common than previously thought. A recent retrospective population-based study from Adelaide, Australia, found an incidence of 15.7 cases per million per year, which is higher than previous estimations of 2.5 per million per year. It has been found by the increased application of more widely available imaging techniques for these diseases. It involves both pediatric and adult populations, with a higher risk among women of childbearing age (Devasagayam et al., 2016; Kim et al., 2017; Luo et al., 2018). Clinical diagnosis is often difficult, as it can present with a plethora of signs and symptoms, mimicking numerous neurological pathologies. The radiologist plays a key role and may be the first to suggest the diagnosis. The usage of MNPs can be reduced remarkably as the researchers designed EGFP-EGF1-NP-Fe3O4 for an earlier diagnosis of cerebral thrombosis by taking advantage of the EGFP–EGF1 fusion protein. In this method, EGF1 can bind with tissue factor and enhance green fluorescent protein, which has previously been widely used as a fluorescent protein marker. In 1 h, the concentration of EGFP-EGF1-NP-Fe3O4 or NP-Fe3O4 reaches its maximum in the infarction areas (Hu, Fan et al., 2019). Based on another study, TAP-SiO2@AuNPs were successfully accumulated in the thrombus by their particle size-dependent capturing property, and they presented a potential X-ray absorption property in a dose-dependent manner. Finally, the thrombotic lesion was clearly distinguished from peripheral tissues by dual NIRF/micro-CT imaging after intravenous injection of TAP-SiO2@AuNPs in the in situ thrombotic mouse model simultaneously. This study showed that thrombin-activatable fluorescent peptides incorporating silica-coated gold nanoparticles could potentially be used as a dual imaging probe for direct thrombus imaging and therapy in clinical applications (Kwon et al., 2018; Lv et al., 2022).
Quantum dots are fluorescent semiconductor NPs that contain group II-VI (e.g., CdSe and CdTe), III-V (e.g., InP and InAs), IV-VI (e.g., PbTe and PbSe), or I-III-VI (e.g., CuInS2) elements. They are characterized by a narrow and symmetric emission band (∼30 nm) that can be tuned precisely by changing the NP sizes and compositions. The broad absorption spectra and large Stokes shifts of quantum dots allow simultaneous imaging of multiple types of quantum dots with single wavelength excitation. Quantum dots also have the capability of coupling to a biomolecule for targeted imaging. For cerebrovascular thrombosis detection, one study used lead sulfide quantum dots with 1100 nm emission peaks, which can be used in NIR fluorescence imaging. This was tested in septic mice, and the results showed it to be a useful tool for evaluating the pathological state of cerebral blood vessels in septic mice. The results introduced short-wavelength infrared region-emissive indium arsenide quantum dots with high-resolution multicolor imaging that are readily modifiable, provide deep penetration, and have fast acquisition speed in small-animal models. These dots could simultaneously quantify the metabolic turnover rates of lipoproteins in several organs.
Peripheral arterial disease (PAD) mainly occurs in the lower extremities and is characterized by chronic narrowing of the arteries with occlusion and/or loss of functionality. The endothelial wall lining and the native extracellular matrix (ECM) architecture are often damaged, leading to a narrowed vessel and insufficient delivery of oxygen-rich blood to organs. With its crucial and emerging uses in the prevention, diagnosis, and treatment of several diseases, nanotechnology has shed light on improving health globally for PAD patients, including morbidity and mortality rates (Serkova, 2017; Zemaitis et al., 2017). Commonly, PAD detection techniques produce images of changes in tissue appearance but cannot determine the state of disease. We need brand new, improved, and more accurate diagnostic strategies for PAD, especially for identifying the various stages of this disease (Roy et al., 2018).
In this context, nanotechnology plays a crucial role through the use of very small structures, often less than 100 nm, to effectively localize and confirm events occurring in ailing vessels. Diseased vessels are usually characterized by lipid retention, the expression of cellular adhesion molecules, the destruction of endothelial cells, the production of macrophages, and the formation of plaque. Thus, during the different stages of inflammation, these characteristics create potential molecular imaging probes for detecting PAD.
Molecular imaging is a subset of imaging that involves the depiction and evaluation of any biological process at the cellular and subcellular levels via the application of imaging modalities, including cardiac magnetic resonance molecular imaging (CMRI), CT, optical coherence tomography (OCT), nuclear techniques, MRI, and fluorescence (Talebloo et al., 2020; Teuho et al., 2020). Consequently, these noninvasive imaging strategies provide the visualization of cells and subcellular components ranging from angstroms to centimeters in any living organism. Unlike the limitations of the traditional approach to diagnostics using bare contrast agents, such as poor half-lives and high toxicity levels, researchers incorporate these imaging probes into nanoparticles to overcome these problems (Teuho et al., 2020; Y; Zhang et al., 2014).
Most MNPs used for PET are produced from chelate materials. This chelation can help improve the tracking of NPs. To provide higher sensitivity and better resolution of atherosclerosis progression, a copper comb-like NP labeled with the peptide DAPTA (64CU-DAPTA-comb) was explored, and the results confirmed that it was an effective imaging probe for atherosclerosis (Liu, Guo et al., 2019). In a recent study, the multimodal 64CU-RGO-IONP-PEG nanoparticles (68 ± 7 nm) were assessed for better quantitative analysis of PAD detection. Administration of 64CU-RGO-IONP-PEG nanoparticles in hindlimb mouse models resulted in increased nanoparticle accumulation over time in the ischemic hindlimb compared to the minimal signal observed in control limbs (nonischemic), as confirmed by PET data. Photoacoustic signals also revealed an increase in the ischemic hindlimb 3D post-NP administration compared to the minimal signal from the control limb (nonischemic). Therefore, photoacoustic images provided anatomical characteristics with the highest photoacoustic signaling in the ischemic limb (England et al., 2016; Agrawal et al., 2021).
3.4 MNPs engineered for theranostic applications across the blood–brain barrier (BBB)
MNPs have various biomedical applications that are helpful in diagnosis and therapeutic processes, such as neurodegenerative diseases detected and targeted by MNPs, as shown in Table 3. MNPs such as quantum dots (QDs), AuNPs, and magnetic NPs have many advantages in treatment as drug vehicles and imaging agents (Zhu et al., 2017; Khizar et al., 2021). Their physicochemical properties, including good stability, reactivity, and the photothermal and plasmonic characteristics of MNPs, make them suitable agents for theranostic applications. Therefore, AuNPs have been employed in photothermal therapy (PTT) to eliminate the growth of brain tumor cells and cause apoptosis. QDs and MNPs have been employed for bioimaging aims (Carvalho et al., 2019; Khan et al., 2021). Some MNPs have been employed in theranostics owing to their diagnostic and therapeutic applications. Engineered MNPs can be produced by modifying the surface, modulating the size distribution and morphology, and interacting with different ligands; these modifications allow them to be utilized in different brain disease treatments. These modified MNPs with extremely small sizes can pass through the BBB. MNPs are enabled to target tumor cells in particular. Many investigations show that MNPs conjugated with transferrin can cross the BBB, and they are practical in the treatment of glioblastoma. Moreover, IONPs and ferritin conjugation (magnetoferritin) have been identified as crossing the BBB and have also been employed against brain cancers (Fan et al., 2018; Hadadian et al., 2021).
TABLE 3 | Some neurodegenerative diseases detected and targeted by MNPs.
[image: Table 3]One of the major drawbacks of MNPs is their nanotoxicity in the brain, leading to exacerbated BBB leakage. BBB permeability (BBBP) is one of the main processes in stroke development and, as such, is one of the main targets to account for in NP development. In this context, it is essential that NPs do not make blood vessels leakier than they already are; this might happen in the initial or final phases of stroke. Furthermore, this phenomenon causes the NPs to later return to circulation, leading to hemolysis and the already mentioned platelet aggregation, among other adverse events (Kong et al., 2012; Israel et al., 2020).
MNP nanotoxicity may affect neuron function and impair neurorepair and neurogenesis during the subacute and chronic phases. Oxidative stress due to free radical production could not only lead to neuroinflammation but also to subsequent apoptotic mechanisms, mitochondrial damage, and, eventually, neuronal death. These harmful effects have been noted in different types of NPs (Picca et al., 2020). The metal-based NPs are prone to being the most cytotoxic. Constraints with metal-based NPs are particularly important in the context of stroke because of their ability to cross the BBB and reach the brain tissue. Their applications in clinical imaging have generated interest in their use as drug delivery systems and diagnostic tools in this pathology. Due to their small size and specific physicochemical features, metal NPs show a greater accumulation in the brain and induce higher toxicity than larger NPs (Chenthamara et al., 2019; Dong et al., 2020). Moreover, metal-based NPs can release metal ions due to their dissolution, further exacerbating their toxicity. For example, AuNPs can accumulate in the brain, inducing neurotoxic effects, increased seizure activity, cognition defects, and astrogliosis (Johnsen et al., 2018). Novel AuNP surface modifications for theranostic applications have been based on targeted exosomes (Khongkow et al., 2019). IONPs, which are very important in stroke diagnosis through imaging, can interact with the brain's cellular components. Depending on the presence, chemical composition, and charge of the surface coating, they have the potential to cause changes in synaptic activity, leading to neuroinflammation, apoptosis, and immune cell infiltration. Consequently, a lack of information on the potential neurotoxicity effects of MNPs makes their clinical translation more difficult (Akbarzadeh et al., 2021).
3.5 Gene drug delivery and therapy
Gene delivery is an approach to delivering genetic materials, including exogenous DNA or RNA, for therapeutic purposes. The viral vectors chiefly activate the immune system, decreasing the efficiency of gene therapy (Cevher et al., 2012; Shahlaei et al., 2020; Sung and Kim, 2019). These problems can be limited to using non-viral vectors, such as metallic nanoparticles. Several researchers have investigated the possibility of metallic nanoparticle platforms to enhance the effectiveness of immunotherapies. Recent investigations indicate that various shapes of gold nanoparticles (AuNPs) can prevent DNA or RNA from nuclease degradation (Ding et al., 2014; Franco et al., 2015). For example, gold nanoparticles (AuNPs) conjugated to oligonucleotides display special properties that can make them promising gene regulation agents (Tian et al., 2018; Rosi et al., 2020). The AuNPs can be divided into non-covalent and covalent (thiol-functionalization) (Mahato et al., 2019). The covalent AuNPs are capable of activating the genes that are related to immune systems (immune-related genes, or IRGs) in peripheral blood mononuclear cells (PBMC) (Kim et al., 2012). Photothermal therapy (PTT) with AuNPs and gene therapy was found to regulate the nuclear factor kappa (NF-ҡβ) signaling pathway at the tumor site (Ahn et al., 2017; Al-ofi & Al-Ghamdi, 2019). Tumor cells and tumor-associated macrophages treated with siRNA inhibited VEGF expression, resulting in tumor regression (Xin et al., 2017; Yang et al., 2021). In addition, the quantum dots (QD) can be conjugated with genetic materials such as oligonucleotides (carboxylic acids as functional groups) and targeted toward DNA or mRNA. QDs can be loaded with genes associated with the drugs (encapsulation or surface interaction) so that QDs can protect the gene against nuclease degradation (Banerjee et al., 2016; Shahmuradyan and Krull, 2016).
Several in vitro investigations have been conducted in conditions that do not reflect the physiological conditions to evaluate MNP toxicity. The size of MNPs is important in determining their cytotoxicity, which depends on the surface of MNPs, including the generation of ROS. The toxicity of metallic nanoparticles is generated by ROS on cells, the generation of which can be motivated by different MNP action mechanisms (Yao et al., 2019; Mehta et al., 2021). Functional groups such as prooxidative on the MNP surface, the redox cycle, and the interaction of MNPs and cells are the major aspects of generating ROS. In addition to their surface characteristics, MNPs can operate as ROS generation catalyzers through a variety of methods. Immunocompetent cells see MNPs as a hazard and respond by generating ROS as a defense mechanism. As signal transducers, MNPs can stimulate cellular pathways involved in ROS generation, just as transition metals can trigger ROS generation by participating in Fenton and Haber–Weiss processes (Chawla et al., 2019; Canaparo et al., 2021). Electron leakage occurs when MNPs interrupt the mitochondrial electron transport chain, which allows free electrons to create ROS from oxygen particles (Gallud et al., 2019).
The release of components of MNPs as free ions, which might have toxic effects, is another critical activity of MNPs on cells. For example, AgNPs disrupt the growth of medaka (Oryzias latipes) and Danio (Brachydanio rerio) larvae (Kwok et al., 2016; Qiang et al., 2020). Various genes were up- and downregulated in zebrafish embryos treated with silver nanoparticles (AgNPs) and silver nanotubes (AgNTs). From a total of 264 genes, AgNPs induced the downregulation of 166 genes and the upregulation of 98 genes. AgNTs caused 139 downregulated genes and 36 upregulated genes out of 175 genes. The most upregulated genes caused by the AgNPs are cellular component (zgc: 175127), metal ion binding gene (zgc: 114104), lipid and carbohydrate metabolisms (sort1b and idh3g, respectively), proteolysis (caspb), developmental processes (thrab), lectin (lgals3l), and pvalb5 (calcium/calmodulin-binding and notch pathway gene) (Kohan-Baghkheirati and Geisler-Lee, 2015; Lee, Horng et al., 2019). The cytotoxicity and significant effect on gene expression caused by CuO nanoparticles can be explained by the cytoplasm and the nucleus’s Cu ion release, with the subsequent intracellular accumulation of Cu. For example, gene expression modulation in BEAS-2B cells by CuO nanoparticles appeared to be mainly oxidative stress associated with cell cycle arrest and is distinct from CuO nanoparticles (Strauch et al., 2017).
3.6 Antibacterial mechanisms of MNPs
Antibacterial properties of nanomaterials to inhibit infection and facilitate wound healing, antibiotic delivery systems, detection of bacteria, and antibacterial vaccines to prevent bacterial infections are all examples of MNP applications. The antibacterial mechanisms of MNPs are insufficiently understood, although the generation of oxidative stress, metal ion release, and non-oxidative mechanisms are widely accepted. Antibacterial resistance would require simultaneous mutations of genes in the bacterial cell, and because of the numerous methods of action against bacterial cells, it is difficult to become resistant to MNPs (Dhull et al., 2019; Sánchez-López et al., 2020). In addition to gene manipulation, bacterial resistance could emerge via genetic material exchange, including transformation (the transferring of exogenous DNA into the host) and transduction (the transferring of exogenous DNA by a viral vector). Antibiotic resistance can be caused by several mechanisms, including enzymes such as lactamases and acetyltransferases (Lorenz and Wackernagel, 1994; Travisano, 2001; Sayavedra-Soto and Stein, 2011). Changes in permeability of membranes that limit antimicrobial agent penetration are also considered prevalent resistance mechanisms, for example, alternation in penicillin-binding proteins (PBPs) (Macheboeuf et al., 2006; Miyachiro et al., 2019). The kanamycin-ZnONPs were produced by cell-free extract of mint (Mentha piperita L.) leaves, and the minimum inhibitory concentrations (MICs) showed robust antibacterial activity against the tested pathogens (Saleha et al., 2023).
3.6.1 Generating reactive oxygen species (ROS)
The generation of ROS by MNPs is a significant antibacterial mechanism. Redox-potential molecules, also known as ROS, are extremely reactive. Different MNP types reduce the amount of oxygen molecules in the air, resulting in different forms of ROS. The superoxide radical, hydroxyl radical, hydrogen peroxide, and singlet oxygen are the four main forms of ROS, and they vary in their dynamic and activity levels (Yu et al., 2020). Magnesium oxide (MgO) and calcium oxide (CaO) nanoparticles can produce hydrogen peroxide (H2O2) and hydroxyl (OH), while zinc oxide (ZnO) nanoparticles do not produce any of them. However, metallic nanoparticles composed of copper oxide can produce all the above-mentioned types of radical molecules (Choudhury et al., 2017; Xue et al., 2018; Peng et al., 2020). Based on research studies, hydrogen peroxide (H2O2) generates fewer acute stress responses and can easily be balanced by using antioxidants, including catalase and superoxide enzymes, while hydroxyl (OH) and singlet oxygen (O2) induce microbial mortality. Under normal conditions, the bacterial cells can balance the generation and clearance of ROS. Conversely, when the cell produces too many reactive species, the redox potential strongly favors oxidation. This imbalanced condition creates oxidative stress, which harmfully affects the particular bacterial cells’ components. Studies have confirmed that excessive oxidative stress plays a major role in altering membrane permeability, which consequently leads to bacterial cell death. (Zhao and Drlica, 2014; Li et al., 2021). Previous studies have confirmed that aluminum oxide (Al2O3) nanoparticles, after penetrating the bacterial cell membrane, change the membrane permeability by generating oxidative stress inside the cell (Mestres et al., 2016). Similarly, AgNP ions facilitate catalytic activity and generate reactive hydroxyl radicals (OH) and reactive free radical oxygen ions ([image: image]) that inhibit or kill bacteria by reaction with biological substances such as DNA (Gracien et al., 2019).
Many research outcomes have also demonstrated that ROS play an important role in DNA and bacterial cell interactions. ROS play a crucial role in upgrading the gene expression level of some proteins with oxidative potential, which is a vital step in the apoptosis of bacterial cells. The production of ROS disturbs the active components, which are responsible for preserving the regular physiological functions and morphological structure of the microorganism (Yu et al., 2020). For example, TiO2 nanoparticles induce electron-hole pairs (EHP) after light absorption. On the surface of the nanoparticles, extremely chemically active ROS are generated from the reaction of electron-hole pairs with water and air, which can attack intracellular bacteria and organic materials (You et al., 2016; Hu, Li et al., 2019). For example, zinc can be activated under visible and ultraviolet (UV) light, leading to extremely reactive ROS. Due to their negatively charged nature, hydroxyl and superoxide radicals can remain on the surfaces of cells and cannot penetrate the bacteria, while hydrogen peroxide (H2O2) can penetrate cells (Khokhra et al., 2017). Ultrasonic stimulation can potentially cause the creation of ROS. Consequently, ROS penetrate the cell and kill bacteria. Furthermore, metallic ions are quickly released under ultrasonic conditions to inhibit bacterial multiplication, which might be related to increased intracellular oxygen levels, nutrition, and metabolic waste movement caused by ultrasound (Huang et al., 2017; Kamineni and Huang, 2019).
3.6.2 Non-oxidative mechanisms
To investigate the antibacterial processes of MgO nanoparticles, researchers have used electron paramagnetic resonance, proteomics techniques, Fourier transform infrared (FTIR), liquid chromatography-mass spectrometry (LC-MS), transmission electron microscopy (TEM), and flat culture techniques. In addition, MgO nanoparticles have been shown to have suitable antibacterial effects in different light conditions, including natural light, UV light, and darkness. The antibacterial effects of MNPs are not dependent on the oxidation of membrane lipids, which is caused by oxidative stress (Nguyen et al., 2018; Bhattacharya et al., 2021). Even when the bacterial cell membrane ruptures and the pores are evident, the initial MgO nanoparticles are not seen in the cell. Furthermore, some MgO nanoparticles can detect quantities of ROS. Administration of MgO nanoparticles had no influence on the levels of phosphatidylethanolamine (PE) and lipopolysaccharide (LPS) in the cell membrane, indicating that MgO nanoparticles do not promote lipid peroxidation. The amount of ROS-related protein in the bacterial cell did not increase, but many crucial metabolisms associated with proteins, such as the metabolism of amino acids, metabolism of carbohydrates, energy, and metabolism of nucleotides, were significantly decreased (Leung et al., 2014; Tang and Lv, 2014; Wang et al., 2017).
4 METAL-BASED NANOPLATFORMS FROM BENCH TO BEDSIDE
One limitation of efficient treatment is that it depends on good heterogeneity in tumor sites and subpopulations. Presently, the homogeneity of size distribution is not acceptable for cancer treatment. Despite the optimistic outcomes for nanobiotechnology during drug delivery development, most candidates were unsuccessful in emerging into clinical translation. There is an important role for the clinically appropriate theranostic platform in the diagnosis and treatment of early-stage cancer (Chen et al., 2017; Kolenc Peitl et al., 2019). Multifunctional nanoplatforms have significant advantages over plain nanoparticles, including real-time monitoring of drug release, accumulation, and biodistribution at the targeted tissue and improved therapeutic efficacy. In addition, theranostic nanoplatforms might be part of treatment strategies, as well as the expectation of therapeutic outcomes, monitoring, and seeking personalized medicine. Another function of theranostic nanoplatforms is bioimaging, for instance, in a monitoring setting or optical guiding while cancer surgery (breast and melanoma) is ongoing, as well as potentially improving accuracy (Blau et al., 2018).
At the University Cancer & Blood Center (UCBC), LUTATHERA® and Xofigo® are used to treat adults with GEP-NETs and prostate cancer, respectively. The FDA has authorized the trial of new PSMA theranostics in metastatic castration-resistant prostate cancer (mCRPC) (Malcolm et al., 2019). The CriPec® platform enables the rational design of special nanomedicine with suitable therapeutic profiles. The tunable polymers and drug (Docetaxel) linkers in the CriPec® nanoplatform are conjoined with therapeutics to develop customized nanomedicine. A new ligand can be added to the nanoplatform to tune it if selective tissue targeting is needed.
A GuIX® nanoplatform has been made of gadolinium chelates and polysiloxane and has recently been accepted in phase I clinical trials. This theranostic platform has some advantages, such as no toxicity on two animal species, passive uptake in tumoral tissues owing to the EPR effect, and renal elimination after administration (Lux et al., 2019). A report of the first experience of pancreatic ductal adenocarcinoma (PDAC) patients treated with NBTXR3® indicated that the primary feasibility of local NBTXR3 delivery could be activated by radiation, and it is suitable for patients who are not eligible for surgery (Bonvalot et al., 2019; Bagley et al., 2022). Those theranostic metal-based nanoplatforms are under investigation for phase I and II clinical trials or have FDA approval for different types of cancer, according to, as shown in Table 4.
TABLE 4 | Some cancer theranostics in the clinical trial stage.
[image: Table 4]5 CHALLENGES IN CLINICAL TRIAL TRANSLATION
Despite the preclinical advancements detailed above, metallic nanoparticle (MNP) therapeutic applications have faced many other important barriers to FDA approval that have yet to be overcome. Collaborations between research labs working on metallic nanoparticles and the FDA are needed to diminish the limitations and support the companies in carrying out clinical trials. The cost demanded to develop the formulations of metallic nanoparticle (MNP) platforms and the absence of an approved MNP precedent have discouraged researchers from following clinical translation, even though iron oxide nanoparticles (maghemite/magnetite) have been approved by the FDA for applications such as cancer diagnosis, hyperthermia therapy for cancer, and anemia (Soetaert et al., 2020; Materón et al., 2021). The new trend has made it especially challenging to justify the objective of therapy-based metallic nanoparticles (MNPs) over biodegradable nanoparticles such as polymers and vesicles in delivery systems.
Some prominent groups are focused on clinical trial translation and have moved to non-metallic nanoparticles when expanding translational therapies. Current evidence regarding the long-term biocompatibility of MNPs in vivo, combined with the continued lack of improvement in MNP clinical trials, has contributed to a lack of faith in MNP translational therapies. To date, Au-Si nanoshells have shown acceptable results in phase 1 clinical trials. However, some considerations remain for formulations of Au-based nanotherapeutics, and it is challenging to compare the outcomes of toxicity and distribution investigations of MNPs among various preparation methods, sizes, shapes, and surface charges. Furthermore, in vitro and in vivo analyses do not always correlate, which makes appropriate characterization for cytotoxicity expensive and time-consuming. Generally, the surface modification used to cover MNPs is believed to be degraded in blood circulation.
6 CONCLUSION AND FUTURE PERSPECTIVE
Metallic nanoparticles (MNPs) have been used successfully in medical applications, including the delivery of drugs and genetic materials for the induction of cargo release. However, this research remains in the preclinical phases. The inadequacy of clear instructions for MNPs, minimal possibilities for supporting translational safety studies, and a few motivations for researchers to eliminate these limitations have resulted in voids in the clinical trials of MNPs. Furthermore, therapy evaluation, which leverages the valuable properties of MNPs, is a field of opportunity for improving clinically translational MNPs for target delivery and genetic manipulation. Nanotechnology has resulted in remarkable progress in synthetic approaches, which benefit the design and creation of different nanoplatforms (nanoparticles, nanotubes, nanocages, nanoshells, and nanodiamonds). MNPs and their biomedical applications in theranostics have advanced in recent decades, but various challenges have hampered their clinical translation.
MNPs can perform as extremely efficacious contrast agents in different biomedical imaging methods and provide many choices in cancer treatment. MNPs permit the delivery of multiple drugs to affect the target sites, which otherwise would not be achievable, and provide an essential basis for cancer treatment that demonstrates promising clinical trial consequences. It is predicted that continued discovery and investigation in nanobiotechnology will particularly affect future cancer treatment and biomedical imaging. In addition, the limitations of MNPs as drug vehicles, contrast agents in bioimaging, and sensitizers like toxicity must be investigated further, aiming to minimize the undesirable effects on the body.
Numerous challenges, including physicochemical properties, metabolism of drugs, the biocompatibility of MNP platforms, drug screening, surface properties, efficacy in both in vivo and in vitro, immunogenic issues, and cellular uptake, remain. Based on the ongoing challenges, achievable future directions include optimizing diverse MNPs and a full understanding of the exact mechanisms and interactions between the cell and MNPs to achieve adequate theranostic outcomes and accelerate the translation of MNPs into clinical trials.
AUTHOR CONTRIBUTIONS
MS: Conceptualization, Data curation, Project administration, Writing—original draft, Writing—review and editing. AKA: Conceptualization, Data curation, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing—original draft, Writing—review and editing. WMAWS: Writing—review and editing. AD: Data curation, Writing—original draft, Writing—review and editing. EBM: Data curation, Writing—original draft, Writing—review and editing. MM: Writing—review and editing. VK: Funding acquisition, Writing—review and editing. VS: Funding acquisition, Writing—review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
The author would like to express their appreciation to all of the authors for their assistance and guidance during the study, without which it would not be completed.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agrawal, S., Nooti, S. K., Singh, H., and Rai, V. (2021). Nanomaterial-mediated theranostics for vascular diseases. J. Nanother. 2 (1), 1–15. doi:10.3390/jnt2010001
 Ahn, S., Singh, P., Castro-Aceituno, V., Yesmin Simu, S., Kim, Y.-J., Mathiyalagan, R., et al. (2017). Gold nanoparticles synthesized using Panax ginseng leaves suppress inflammatory - mediators production via blockade of NF-κB activation in macrophages. Artif. Cells, Nanomed. Biotechnol. 45 (2), 270–276. doi:10.1080/21691401.2016.1228661
 Ahrens, E. T., and Bulte, J. W. M. (2013). Tracking immune cells in vivo using magnetic resonance imaging. Nat. Rev. Immunol. 13 (10), 755–763. doi:10.1038/nri3531
 Akbarzadeh, M. A., Sanaie, S., Kuchaki Rafsanjani, M., and Hosseini, M.-S. (2021). Role of imaging in early diagnosis of acute ischemic stroke: a literature review. Egypt. J. Neurol. Psychiat. Neurosurg. 57 (1), 175. doi:10.1186/s41983-021-00432-y
 Ali, A., Shah, T., Ullah, R., Zhou, P., Guo, M., Ovais, M., et al. (2021). Review on recent progress in magnetic nanoparticles: synthesis, characterization, and diverse applications. Front. Chem. 9, 629054. doi:10.3389/fchem.2021.629054
 Al-ofi, E. A., and Al-Ghamdi, B. S. (2019). High-mobility group box 1, an endogenous ligand of toll-like receptors 2 and 4, induces astroglial inflammation via nuclear factor kappa B pathway. Folia Morphol. 78 (1), 10–16. doi:10.5603/FM.a2018.0068
 Annunziato, G. (2019). Strategies to overcome antimicrobial resistance (AMR) making use of non-essential target inhibitors: a review. Int. J. Mol. Sci. 20 (23), 5844. doi:10.3390/ijms20235844
 Arkaban, H., Karimi Shervedani, R., Yaghoobi, F., and Kefayat, A. (2021). A nanocomposite theranostic system, consisting of AuNPs@MnCO3/Mn3O4 coated with PAA and integrated with folic acid, doxorubicin, and propidium iodide: synthesis, characterization and examination for capturing of cancer cells. Inorg. Chem. Commun. 128, 108566. doi:10.1016/j.inoche.2021.108566
 Arranz, A., and Ripoll, J. (2015). Advances in optical imaging for pharmacological studies. Front. Pharmacol. 6, 189. doi:10.3389/fphar.2015.00189
 Bagley, A. F., Ludmir, E. B., Maitra, A., Minsky, B. D., Li Smith, G., Das, P., et al. (2022). NBTXR3, a first-in-class radioenhancer for pancreatic ductal adenocarcinoma: report of first patient experience. Clin. Transl. Radiat. Oncol. 33, 66–69. doi:10.1016/j.ctro.2021.12.012
 Banerjee, A., Pons, T., Lequeux, N., and Dubertret, B. (2016). Quantum dots-DNA bioconjugates: synthesis to applications. Inter. Focus 6 (6), 20160064. doi:10.1098/rsfs.2016.0064
 Basavaraja, S., Balaji, S., Lagashetty, A., Rajasab, A., and Venkataraman, A. (2008). Extracellular biosynthesis of silver nanoparticles using the fungus Fusarium semitectum. Mater. Res. Bull. 43 (5), 1164–1170. doi:10.1016/j.materresbull.2007.06.020
 Behzadpour, N., Sattarahmady, N., and Akbari, N. (2019). Antimicrobial photothermal treatment of Pseudomonas aeruginosa by a carbon nanoparticles-polypyrrole nanocomposite. J. Biomed. Phys. Eng. 9 (6), 661–672. doi:10.31661/jbpe.v0i0.1024
 Bhattacharya, P., Dey, A., and Neogi, S. (2021). An insight into the mechanism of antibacterial activity by magnesium oxide nanoparticles. J. Mater. Chem. B 9 (26), 5329–5339. doi:10.1039/d1tb00875g
 Bhumkar, D. R., Joshi, H. M., Sastry, M., and Pokharkar, V. B. (2007). Chitosan reduced gold nanoparticles as novel carriers for transmucosal delivery of insulin. Pharm. Res. 24 (8), 1415–1426. doi:10.1007/s11095-007-9257-9
 Blau, R., Epshtein, Y., Pisarevsky, E., Tiram, G., Israeli Dangoor, S., Yeini, E., et al. (2018). Image-guided surgery using near-infrared Turn-ON fluorescent nanoprobes for precise detection of tumor margins. Theranostics 8 (13), 3437–3460. doi:10.7150/thno.23853
 Bonvalot, S., Rutkowski, P. L., Thariat, J., Carrère, S., Ducassou, A., Sunyach, M.-P., et al. (2019). NBTXR3, a first-in-class radioenhancer hafnium oxide nanoparticle, plus radiotherapy versus radiotherapy alone in patients with locally advanced soft-tissue sarcoma (Act. In. Sarc): a multicentre, phase 2–3, randomised, controlled trial. Lancet Oncol. 20 (8), 1148–1159. doi:10.1016/s1470-2045(19)30326-2
 Borgert, J., Schmidt, J. D., Schmale, I., Rahmer, J., Bontus, C., Gleich, B., et al. (2012). Fundamentals and applications of magnetic particle imaging. J. Cardiovasc. Comput. Tomogr. 6 (3), 149–153. doi:10.1016/j.jcct.2012.04.007
 Brant, W. E., and Helms, C. A. (2012). Fundamentals of Diagnostic Radiology. Philadelphia, PA: Lippincott Williams and Wilkins. 
 Brewer, L. C., Svatikova, A., and Mulvagh, S. L. (2015). The challenges of prevention, diagnosis and treatment of ischemic heart disease in women. Cardiovasc. Drugs Ther. 29 (4), 355–368. doi:10.1007/s10557-015-6607-4
 Cal-Gonzalez, J., Rausch, I., Shiyam Sundar, L. K., Lassen, M. L., Muzik, O., Moser, E., et al. (2018). Hybrid imaging: instrumentation and data processing. Front. Phys. 47. doi:10.3389/fphy.2018.00047
 Canaparo, R., Foglietta, F., Limongi, T., and Serpe, L. (2021). Biomedical applications of reactive oxygen species generation by metal nanoparticles. Materials 14 (1), 53. doi:10.3390/ma14010053
 Carvalho, A., Fernandes, A. R., and Baptista, P. V. (2019). “Chapter 10 - nanoparticles as delivery systems in cancer therapy: focus on gold nanoparticles and drugs,” in Applications of targeted nano drugs and delivery systems ed . Editors S. S. Mohapatra, S. Ranjan, N. Dasgupta, R. K. Mishra, and S. Thomas (Amsterdam: Elsevier), 257–295.
 Cevher, E., Sezer, A. D., and Çağlar, E. (2012). “Gene delivery systems: recent progress in viral and non-viral therapy,” in Recent advances in novel drug carrier systems . London: IntechOpen, 437–470.
 Chandran, S. P., Chaudhary, M., Pasricha, R., Ahmad, A., and Sastry, M. (2006). Synthesis of gold nanotriangles and silver nanoparticles using Aloevera plant extract. Biotechnol. Prog. 22 (2), 577–583. doi:10.1021/bp0501423
 Chawla, L., Beers-Mulroy, B., and Tidmarsh, G. (2019). Therapeutic opportunities for hepcidin in acute care medicine. Crit. Care Clin. 35, 357–374. doi:10.1016/j.ccc.2018.11.014
 Chen, F., Ehlerding, E. B., and Cai, W. (2014). Theranostic nanoparticles. J. Nucl. Med. official Publ. Soc. Nucl. Med. 55 (12), 1919–1922. doi:10.2967/jnumed.114.146019
 Chen, X., Guo, X., Hao, S., Yang, T., and Wang, J. (2022). Iron oxide nanoparticles-loaded hyaluronic acid nanogels for MRI-aided Alzheimer’s disease theranostics. Arabian J. Chem. 15 (6), 103748. doi:10.1016/j.arabjc.2022.103748
 Chen, X., Han, X., Wang, X., Liu, W., Gao, T., Wang, A., et al. (2022). Simulation of reconstruction based on the system matrix for magnetic particle imaging. Biomed. Signal Process. Control. 71, 103171. doi:10.1016/j.bspc.2021.103171
 Chen, Y., Li, H., Deng, Y., Sun, H., Ke, X., and Ci, T. (2017). Near-infrared light triggered drug delivery system for higher efficacy of combined chemo-photothermal treatment. Acta Biomater. 51, 374–392. doi:10.1016/j.actbio.2016.12.004
 Cheng, Q., Jiang, H., Jin, Z., Jiang, Y., Hui, C., Xu, L., et al. (2021). Effects of Fe(2)O(3) nanoparticles on extracellular polymeric substances and nonylphenol degradation in river sediment. Sci. Total Environ. 770, 145210. doi:10.1016/j.scitotenv.2021.145210
 Chenthamara, D., Subramaniam, S., Ramakrishnan, S. G., Krishnaswamy, S., Essa, M. M., Lin, F.-H., et al. (2019). Therapeutic efficacy of nanoparticles and routes of administration. Biomaterials Res. 23 (1), 20. doi:10.1186/s40824-019-0166-x
 Choudhury, S. R., Ordaz, J., Lo, C.-L., Damayanti, N. P., Zhou, F., and Irudayaraj, J. (2017). From the cover: zinc oxide nanoparticles-induced reactive oxygen species promotes multimodal cyto- and epigenetic toxicity. Toxicol. Sci. 156 (1), 261–274. doi:10.1093/toxsci/kfw252
 Chung, T. H., Hsu, S. C., Wu, S. H., Hsiao, J. K., Lin, C. P., Yao, M., et al. (2018). Dextran-coated iron oxide nanoparticle-improved therapeutic effects of human mesenchymal stem cells in a mouse model of Parkinson’s disease. Nanoscale 10 (6), 2998–3007. doi:10.1039/c7nr06976f
 Clene-Nanomedicine (2021). Clene Awaits US Patent Covering Gold Nanocrystals’ Use in Treating MS. Patent. Salt Lake City, UT: Clene-Nanomedicine. Available at: https://multiplesclerosisnewstoday.com/news-posts/2021/01/20/clene-awaits-us-patent-covering-gold-nanocrystal-use-ms-treatment/.
 Dameron, C., Reese, R., Mehra, R., Kortan, A., Carroll, P., Steigerwald, M., et al. (1989). Biosynthesis of cadmium sulphide quantum semiconductor crystallites. Nature 338 (6216), 596–597. doi:10.1038/338596a0
 Das, S., Ahmed, R., Samanta, S., Banerjee, J., and Dash, S. K. (2024). “Challenges of using nanotechnology for neurological disorders and alternate solutions,” in Theranostic Applications of Nanotechnology in Neurological Disorders (Singapore: Springer Nature Singapore), 293–315.
 Deplanche, K., Caldelari, I., Mikheenko, I. P., Sargent, F., and Macaskie, L. E. (2010). Involvement of hydrogenases in the formation of highly catalytic Pd (0) nanoparticles by bioreduction of Pd (II) using Escherichia coli mutant strains. Microbiology 156 (9), 2630–2640. doi:10.1099/mic.0.036681-0
 Devasagayam, S., Wyatt, B., Leyden, J., and Kleinig, T. (2016). Cerebral venous sinus thrombosis incidence is higher than previously thought: a retrospective population-based study. Stroke 47 (9), 2180–2182. doi:10.1161/strokeaha.116.013617
 Dhull, N., Nidhi, , Gupta, V., and Tomar, M. (2019). Antimicrobial properties of metallic nanoparticles: a qualitative analysis. Mater. Today Proc. 17, 155–160. doi:10.1016/j.matpr.2019.06.413
 Ding, Y., Jiang, Z., Saha, K., Kim, C. S., Kim, S. T., Landis, R. F., et al. (2014). Gold nanoparticles for nucleic acid delivery. Mol. Ther. 22 (6), 1075–1083. doi:10.1038/mt.2014.30
 Dong, X., Gao, J., Su, Y., and Wang, Z. (2020). Nanomedicine for ischemic stroke. Int. J. Mol. Sci. 21 (20), 7600. doi:10.3390/ijms21207600
 Dong, Y. C., Hajfathalian, M., Maidment, P. S. N., Hsu, J. C., Naha, P. C., Si-Mohamed, S., et al. (2019). Effect of gold nanoparticle size on their properties as contrast agents for computed tomography. Sci. Rep. 9 (1), 14912. doi:10.1038/s41598-019-50332-8
 Du, L., Jiang, H., Liu, X., and Wang, E. (2007). Biosynthesis of gold nanoparticles assisted by Escherichia coli DH5α and its application on direct electrochemistry of hemoglobin. Electrochem. Commun. 9 (5), 1165–1170. doi:10.1016/j.elecom.2007.01.007
 England, C., Im, H.-J., Chen, F., Hernandez, R., Cho, S., Nickles, R., et al. (2016). Radiolabeled long circulating nanoparticles for re-assessing the enhanced permeability and retention effect in peripheral arterial disease. Soc. Nucl. Med. 57, 65. 
 Evertsson, M., Kjellman, P., Cinthio, M., Andersson, R., Tran, T. A., in’t Zandt, R., et al. (2017). Combined magnetomotive ultrasound, PET/CT, and MR imaging of 68Ga-labelled superparamagnetic iron oxide nanoparticles in rat sentinel lymph nodes in vivo. Sci. Rep. 7 (1), 4824. doi:10.1038/s41598-017-04396-z
 Fan, K., Jia, X., Zhou, M., Wang, K., Conde, J., He, J., et al. (2018). Ferritin nanocarrier traverses the blood brain barrier and kills glioma. ACS Nano 12 (5), 4105–4115. doi:10.1021/acsnano.7b06969
 Fang, X., Wang, Y., Wang, Z., Jiang, Z., and Dong, M. (2019). Microorganism assisted synthesized nanoparticles for catalytic applications. Energies 12 (1), 190. doi:10.3390/en12010190
 Farinha, P., Coelho, J. M., Reis, C. P., and Gaspar, M. M. (2021). A comprehensive updated review on magnetic nanoparticles in diagnostics. Nanomaterials 11 (12), 3432. doi:10.3390/nano11123432
 Franco, R., Pedrosa, P., Carlos, F. F., Veigas, B., and Baptista, P. V. (2015). Gold nanoparticles for DNA/RNA-based diagnostics. Handb. Nanopart. , 1339–1370. doi:10.1007/978-3-319-15338-4_31
 Fu, T., Kong, Q., Sheng, H., and Gao, L. (2016). Value of functionalized superparamagnetic iron oxide nanoparticles in the diagnosis and treatment of acute temporal lobe epilepsy on MRI. Neural Plast. 2016, 1–12. doi:10.1155/2016/2412958
 Gallud, A., Klöditz, K., Ytterberg, J., Östberg, N., Katayama, S., Skoog, T., et al. (2019). Cationic gold nanoparticles elicit mitochondrial dysfunction: a multi-omics study. Sci. Rep. 9 (1), 4366. doi:10.1038/s41598-019-40579-6
 Ganeshkumar, M., Sathishkumar, M., Ponrasu, T., Dinesh, M. G., and Suguna, L. (2013). Spontaneous ultra fast synthesis of gold nanoparticles using Punica granatum for cancer targeted drug delivery. Colloids Surf. B Biointerf. 106, 208–216. doi:10.1016/j.colsurfb.2013.01.035
 Gao, S., Wang, G., Qin, Z., Wang, X., Zhao, G., Ma, Q., et al. (2017). Oxygen-generating hybrid nanoparticles to enhance fluorescent/photoacoustic/ultrasound imaging guided tumor photodynamic therapy. Biomaterials 112, 324–335. doi:10.1016/j.biomaterials.2016.10.030
 Gao, Y., Kang, J., Lei, Z., Li, Y., Mei, X., and Wang, G. (2020). Use of the highly biocompatible Au nanocages@PEG nanoparticles as a new contrast agent for in vivo computed tomography scan imaging. Nanoscale Res. Lett. 15 (1), 53. doi:10.1186/s11671-020-3286-2
 Gardea-Torresdey, J. L., Gomez, E., Peralta-Videa, J. R., Parsons, J. G., Troiani, H., and Jose-Yacaman, M. (2003). Alfalfa sprouts: a natural source for the synthesis of silver nanoparticles. Langmuir 19 (4), 1357–1361. doi:10.1021/la020835i
 Gardea-Torresdey, J. L., Parsons, J., Gomez, E., Peralta-Videa, J., Troiani, H., Santiago, P., et al. (2002). Formation and growth of Au nanoparticles inside live alfalfa plants. Nano Lett. 2 (4), 397–401. doi:10.1021/nl015673+
 Gaziano, T., Reddy, K. S., Paccaud, F., Horton, S., and Chaturvedi, V. (2006). “Cardiovascular disease,” in Disease Control Priorities in Developing Countries . 2nd Edn. Washington, DC: World Bank Publications. 
 Gholami, Y. H., Yuan, H., Wilks, M. Q., Maschmeyer, R., Normandin, M. D., Josephson, L., et al. (2020). A radio-nano-platform for T1/T2 dual-mode PET-MR imaging. Int. J. Nanomed. 15, 1253–1266. doi:10.2147/IJN.S241971
 Ghorbani, H. R. (2014). A review of methods for synthesis of Al nanoparticles. Orient. J. Chem. 30 (4), 1941–1949. doi:10.13005/ojc/300456
 González-Ballesteros, N., Rodríguez-Argüelles, M., Lastra-Valdor, M., González-Mediero, G., Rey-Cao, S., Grimaldi, M., et al. (2020). Synthesis of silver and gold nanoparticles by Sargassum muticum biomolecules and evaluation of their antioxidant activity and antibacterial properties. J. Nanostruct. Chem. 10 (4), 317–330. doi:10.1007/s40097-020-00352-y
 Gonzalez-Carter, D. A., Leo, B. F., Ruenraroengsak, P., Chen, S., Goode, A. E., Theodorou, I. G., et al. (2017). Silver nanoparticles reduce brain inflammation and related neurotoxicity through induction of H2S-synthesizing enzymes. Sci. Rep. 7 (1), 42871. doi:10.1038/srep42871
 Gracien, E. B., Jérémie, M. L., Joseph, L. K.-K., Omer, M. M., Antoine, M. K., Hercule, K. M., et al. (2019). Role of hydroxyl radical scavenger agents in preparing silver nanoparticles under γ-irradiation. SN Appl. Sci. 1 (9), 961. doi:10.1007/s42452-019-0973-7
 Guo, Y., Chen, W., Wang, W., Shen, J., Guo, R., Gong, F., et al. (2012). Simultaneous diagnosis and gene therapy of immuno-rejection in rat allogeneic heart transplantation model using a T-cell-targeted theranostic nanosystem. ACS Nano 6 (12), 10646–10657. doi:10.1021/nn3037573
 Hadadian, Y., Uliana, J. H., Carneiro, A. A. O., and Pavan, T. Z. (2021). A novel theranostic platform: integration of magnetomotive and thermal ultrasound imaging with magnetic hyperthermia. IEEE Trans. Biomed. Eng. 68 (1), 68–77. doi:10.1109/TBME.2020.2990873
 He, W., Zhang, Z., and Sha, X. (2021). Nanoparticles-mediated emerging approaches for effective treatment of ischemic stroke. Biomaterials 277, 121111. doi:10.1016/j.biomaterials.2021.121111
 Herrera-Becerra, R., Zorrilla, C., Rius, J., and Ascencio, J. (2008). Electron microscopy characterization of biosynthesized iron oxide nanoparticles. Appl. Phys. A 91 (2), 241–246. doi:10.1007/s00339-008-4420-7
 Hou, K., Zhao, J., Wang, H., Li, B., Li, K., Shi, X., et al. (2020). Chiral gold nanoparticles enantioselectively rescue memory deficits in a mouse model of Alzheimer’s disease. Nat. Commun. 11 (1), 4790. doi:10.1038/s41467-020-18525-2
 Hu, H., Fan, X., Yin, Y., Guo, Q., Yang, D., Wei, X., et al. (2019a). Mechanisms of titanium dioxide nanoparticle-induced oxidative stress and modulation of plasma glucose in mice. Environ. Toxicol. 34 (11), 1221–1235. doi:10.1002/tox.22823
 Hu, K., Chen, X., Chen, W., Zhang, L., Li, J., Ye, J., et al. (2018). Neuroprotective effect of gold nanoparticles composites in Parkinson’s disease model. Nanomed. Nanotechnol. Biol. Med. 14 (4), 1123–1136. doi:10.1016/j.nano.2018.01.020
 Hu, Y., Li, Z., Shi, W., Yin, Y., Mei, H., Wang, H., et al. (2019b). Early diagnosis of cerebral thrombosis by EGFP–EGF1 protein conjugated ferroferric oxide magnetic nanoparticles. J. Biomat. Appl. 33 (9), 1195–1201. doi:10.1177/0885328218823475
 Huang, G., Chen, S., Dai, C., Sun, L., Sun, W., Tang, Y., et al. (2017). Effects of ultrasound on microbial growth and enzyme activity. Ultrason. Sonochem. 37, 144–149. doi:10.1016/j.ultsonch.2016.12.018
 Huang, W.-C., Hu, S.-H., Liu, K.-H., Chen, S.-Y., and Liu, D.-M. (2009). A flexible drug delivery chip for the magnetically-controlled release of anti-epileptic drugs. J. Control. Release 139 (3), 221–228. doi:10.1016/j.jconrel.2009.07.002
 Huang, X., Zhang, F., Wang, H., Niu, G., Choi, K. Y., Swierczewska, M., et al. (2013). Mesenchymal stem cell-based cell engineering with multifunctional mesoporous silica nanoparticles for tumor delivery. Biomaterials 34 (7), 1772–1780. doi:10.1016/j.biomaterials.2012.11.032
 Irfan, M., Dogan, N., Bingolbali, A., and Aliew, F. (2021). Synthesis and characterization of NiFe2O4 magnetic nanoparticles with different coating materials for magnetic particle imaging (MPI). J. Magnetism Magnetic Mater. 537, 168150. doi:10.1016/j.jmmm.2021.168150
 Isaacoff, B. P., and Brown, K. A. (2017) Progress in Top-Down Control of Bottom-Up Assembly. Washington, DC: ACS Publications, Vol. 17, 6508–6510. doi:10.1021/acs.nanolett.7b04479
 Israel, L. L., Galstyan, A., Holler, E., and Ljubimova, J. Y. (2020). Magnetic iron oxide nanoparticles for imaging, targeting and treatment of primary and metastatic tumors of the brain. J. Control. Release 320, 45–62. doi:10.1016/j.jconrel.2020.01.009
 Jafari, M., Rokhbakhsh-Zamin, F., Shakibaie, M., Moshafi, M. H., Ameri, A., Rahimi, H. R., et al. (2018). Cytotoxic and antibacterial activities of biologically synthesized gold nanoparticles assisted by Micrococcus yunnanensis strain J2. Biocatal. Agric. Biotechnol. 15, 245–253. doi:10.1016/j.bcab.2018.06.014
 Jani, V., Shivaram, P., Porter, T. R., and Kutty, S. (2021). Ultrasound theranostics in adult and pediatric cardiovascular research. Cardiovasc. Drugs Ther. 35 (1), 185–190. doi:10.1007/s10557-020-07016-7
 Jiang, Z., Han, X., Du, Y., Li, Y., Li, Y., Li, J., et al. (2021). Mixed metal metal–organic frameworks derived carbon supporting ZnFe2O4/C for high-performance magnetic particle imaging. Nano Lett. 21 (7), 2730–2737. doi:10.1021/acs.nanolett.0c04455
 Johnsen, K., Bak, M., Kempen, P., Melander, F., Burkhart, A., Thomsen, M., et al. (2018). Antibody affinity and valency impact brain uptake of transferrin receptor-targeted gold nanoparticles. Theranostics 8, 3416–3436. doi:10.7150/thno.25228
 Kamineni, S., and Huang, C. (2019). The antibacterial effect of sonication and its potential medical application. SICOT-J 5, 19. doi:10.1051/sicotj/2019017
 Kasthuri, J., Veerapandian, S., and Rajendiran, N. (2009). Biological synthesis of silver and gold nanoparticles using apiin as reducing agent. Colloids Surf. B Biointerf. 68 (1), 55–60. doi:10.1016/j.colsurfb.2008.09.021
 Katebi, S., Esmaeili, A., Ghaedi, K., and Zarrabi, A. (2019). Superparamagnetic iron oxide nanoparticles combined with NGF and quercetin promote neuronal branching morphogenesis of PC12 cells. Int. J. Nanomed. 14, 2157–2169. doi:10.2147/ijn.s191878
 Khan, I., Saeed, K., and Khan, I. (2019). Nanoparticles: properties, applications and toxicities. Arabian J. Chem. 12 (7), 908–931. doi:10.1016/j.arabjc.2017.05.011
 Khan, M., Boumati, S., Arib, C., Thierno Diallo, A., Djaker, N., Doan, B.-T., et al. (2021). Doxorubicin (DOX) gadolinium-gold-complex: a new way to tune hybrid nanorods as theranostic agent. Int. J. Nanomed. 16, 2219–2236. doi:10.2147/IJN.S295809
 Khandel, P., and Shahi, S. K. (2016). Microbes mediated synthesis of metal nanoparticles: current status and future prospects. Int. J. Nanomater. Biostruct. 6 (1), 1–24. 
 Khizar, S., Ahmad, N. M., Zine, N., Jaffrezic-Renault, N., Errachid-el-salhi, A., and Elaissari, A. (2021). Magnetic nanoparticles: from synthesis to Theranostic applications. ACS Appl. Nano Mater. 4 (5), 4284–4306. doi:10.1021/acsanm.1c00852
 Khokhra, R., Bharti, B., Lee, H.-N., and Kumar, R. (2017). Visible and UV photo-detection in ZnO nanostructured thin films via simple tuning of solution method. Sci. Rep. 7 (1), 15032. doi:10.1038/s41598-017-15125-x
 Khongkow, M., Yata, T., Boonrungsiman, S., Ruktanonchai, U. R., Graham, D., and Namdee, K. (2019). Surface modification of gold nanoparticles with neuron-targeted exosome for enhanced blood–brain barrier penetration. Sci. Rep. 9 (1), 8278. doi:10.1038/s41598-019-44569-6
 Kim, E. Y., Schulz, R., Swantek, P., Kunstman, K., Malim, M. H., and Wolinsky, S. M. (2012). Gold nanoparticle-mediated gene delivery induces widespread changes in the expression of innate immunity genes. Gene Ther. 19 (3), 347–353. doi:10.1038/gt.2011.95
 Kim, J., Martinez, C., and Sirotkin, I. (2017). Cerebral venous thrombosis. Fed. Pract. health care Prof. VA, DoD, PHS 34 (7), 33–37.
 Kim, J. Y., Ryu, J. H., Schellingerhout, D., Sun, I. C., Lee, S. K., Jeon, S., et al. (2015). Direct imaging of cerebral thromboemboli using computed tomography and fibrin-targeted gold nanoparticles. Theranostics 5 (10), 1098–1114. doi:10.7150/thno.11679
 Kohan-Baghkheirati, E., and Geisler-Lee, J. (2015). Gene expression, protein function and pathways of Arabidopsis thaliana responding to silver nanoparticles in comparison to silver ions, cold, salt, drought, and heat. Nanomater. (Basel, Switz.) 5 (2), 436–467. doi:10.3390/nano5020436
 Kolenc Peitl, P., Rangger, C., Garnuszek, P., Mikolajczak, R., Hubalewska-Dydejczyk, A., Maina, T., et al. (2019). Clinical translation of theranostic radiopharmaceuticals: current regulatory status and recent examples. J. Label. Comp. Radiopharm. 62 (10), 673–683. doi:10.1002/jlcr.3712
 Kong, S. D., Lee, J., Ramachandran, S., Eliceiri, B. P., Shubayev, V. I., Lal, R., et al. (2012). Magnetic targeting of nanoparticles across the intact blood-brain barrier. J. Control Release 164 (1), 49–57. doi:10.1016/j.jconrel.2012.09.021
 Korbekandi, H., Iravani, S., and Abbasi, S. (2009). Production of nanoparticles using organisms. Crit. Rev. Biotechnol. 29 (4), 279–306. doi:10.3109/07388550903062462
 Korbekandi, H., Iravani, S., and Abbasi, S. (2012). Optimization of biological synthesis of silver nanoparticles using Lactobacillus casei subsp. casei. J. Chem. Technol. Biotechnol. 87 (7), 932–937. doi:10.1002/jctb.3702
 Korolev, D., Postnov, V., Aleksandrov, I., and Murin, I. (2021). The combination of solid-state chemistry and medicinal chemistry as the basis for the synthesis of theranostics platforms. Biomolecules 11 (10), 1544. doi:10.3390/biom11101544
 Krishnaraj, C., Jagan, E., Rajasekar, S., Selvakumar, P., Kalaichelvan, P., and Mohan, N. (2010). Synthesis of silver nanoparticles using Acalypha indica leaf extracts and its antibacterial activity against water borne pathogens. Colloids Surf. B Biointerf. 76 (1), 50–56. doi:10.1016/j.colsurfb.2009.10.008
 Kwok, K. W., Dong, W., Marinakos, S. M., Liu, J., Chilkoti, A., Wiesner, M. R., et al. (2016). Silver nanoparticle toxicity is related to coating materials and disruption of sodium concentration regulation. Nanotoxicology 10 (9), 1306–1317. doi:10.1080/17435390.2016.1206150
 Kwon, S.-P., Jeon, S., Lee, S.-H., Yoon, H. Y., Ryu, J. H., Choi, D., et al. (2018). Thrombin-activatable fluorescent peptide incorporated gold nanoparticles for dual optical/computed tomography thrombus imaging. Biomaterials 150, 125–136. doi:10.1016/j.biomaterials.2017.10.017
 Lee, C.-S., Kim, T. W., Oh, D. E., Bae, S. O., Ryu, J., Kong, H., et al. (2020). In vivo and in vitro anticancer activity of doxorubicin-loaded DNA-AuNP nanocarrier for the ovarian cancer treatment. Cancers 12 (3), 634. doi:10.3390/cancers12030634
 Lee, C. Y., Horng, J. L., Chen, P. Y., and Lin, L. Y. (2019). Silver nanoparticle exposure impairs ion regulation in zebrafish embryos. Aquat. Toxicol. 214, 105263. doi:10.1016/j.aquatox.2019.105263
 León-Buitimea, A., Garza-Cárdenas, C. R., Garza-Cervantes, J. A., Lerma-Escalera, J. A., and Morones-Ramírez, J. R. (2020). The demand for new antibiotics: antimicrobial peptides, nanoparticles, and combinatorial therapies as future strategies in antibacterial agent design. Front. Microbiol. 11, 1669. doi:10.3389/fmicb.2020.01669
 Leung, Y. H., Ng, A. M., Xu, X., Shen, Z., Gethings, L. A., Wong, M. T., et al. (2014). Mechanisms of antibacterial activity of MgO: non-ROS mediated toxicity of MgO nanoparticles towards Escherichia coli. Small 10 (6), 1171–1183. doi:10.1002/smll.201302434
 Li, H., Zhou, X., Huang, Y., Liao, B., Cheng, L., and Ren, B. (2021). Reactive oxygen species in pathogen clearance: the killing mechanisms, the adaption response, and the side effects. Front. Microbiol. 11, 622534. doi:10.3389/fmicb.2020.622534
 Liang, T., Qiu, X., Ye, X., Liu, Y., Li, Z., Tian, B., et al. (2020). Biosynthesis of selenium nanoparticles and their effect on changes in urinary nanocrystallites in calcium oxalate stone formation. Biotechnology 10 (1), 23–26. doi:10.1007/s13205-019-1999-7
 Liu, Y., Guo, Z., Li, F., Xiao, Y., Zhang, Y., Bu, T., et al. (2019b). Multifunctional magnetic copper ferrite nanoparticles as fenton-like reaction and near-infrared photothermal agents for synergetic antibacterial therapy. ACS Appl. Mater. Interf. 11 (35), 31649–31660. doi:10.1021/acsami.9b10096
 Liu, Y., Luehmann, H. P., Detering, L., Pressly, E. D., McGrath, A. J., Sultan, D., et al. (2019a). Assessment of targeted nanoparticle assemblies for atherosclerosis imaging with positron emission tomography and potential for clinical translation. ACS Appl. Mater. Interf. 11 (17), 15316–15321. doi:10.1021/acsami.9b02750
 Lorenz, M. G., and Wackernagel, W. (1994). Bacterial gene transfer by natural genetic transformation in the environment. Microbiol. Rev. 58 (3), 563–602. doi:10.1128/mr.58.3.563-602.1994
 Luengo Morato, Y., Ovejero Paredes, K., Lozano Chamizo, L., Marciello, M., and Filice, M. (2021). Recent advances in multimodal molecular imaging of cancer mediated by hybrid magnetic nanoparticles. Polymers 13 (17), 2989. doi:10.3390/polym13172989
 Luo, Y., Tian, X., and Wang, X. (2018). Diagnosis and treatment of cerebral venous thrombosis: a review. Front. Aging Neurosci. 10, 2. doi:10.3389/fnagi.2018.00002
 Lux, F., Tran, V. L., Thomas, E., Dufort, S., Rossetti, F., Martini, M., et al. (2019). AGuIX® from bench to bedside—transfer of an ultrasmall theranostic gadolinium-based nanoparticle to clinical medicine. Br. J. Radiol. 92 (1093), 20180365. doi:10.1259/bjr.20180365
 Lv, J., Zhang, L., Du, W., Ling, G., and Zhang, P. (2022). Functional gold nanoparticles for diagnosis, treatment and prevention of thrombus. J. Control. Release 345, 572–585. doi:10.1016/j.jconrel.2022.03.044
 Lv, Q., Zhang, B., Xing, X., Zhao, Y., Cai, R., Wang, W., et al. (2018). Biosynthesis of copper nanoparticles using Shewanella loihica PV-4 with antibacterial activity: novel approach and mechanisms investigation. J. Hazard. Mater. 347, 141–149. doi:10.1016/j.jhazmat.2017.12.070
 Macheboeuf, P., Contreras-Martel, C., Job, V., Dideberg, O., and Dessen, A. (2006). Penicillin Binding Proteins: key players in bacterial cell cycle and drug resistance processes. FEMS Microbiol. Rev. 30 (5), 673–691. doi:10.1111/j.1574-6976.2006.00024.x
 Mahato, K., Nagpal, S., Shah, M. A., Srivastava, A., Maurya, P. K., Roy, S., et al. (2019). Gold nanoparticle surface engineering strategies and their applications in biomedicine and diagnostics. Biotechnology 9 (2), 57. doi:10.1007/s13205-019-1577-z
 Malcolm, J., Falzone, N., Lee, B. Q., and Vallis, K. A. (2019). Targeted radionuclide therapy: new advances for improvement of patient management and response. Cancers 11 (2), 268. doi:10.3390/cancers11020268
 Malik, P., Shankar, R., Malik, V., Sharma, N., and Mukherjee, T. K. (2014). Green chemistry based benign routes for nanoparticle synthesis. J. Nanopart. 2014, 1–14. doi:10.1155/2014/302429
 Materón, E. M., Miyazaki, C. M., Carr, O., Joshi, N., Picciani, P. H. S., Dalmaschio, C. J., et al. (2021). Magnetic nanoparticles in biomedical applications: a review. Appl. Surf. Sci. Adv. 6, 100163. doi:10.1016/j.apsadv.2021.100163
 Mehta, T., Parikh, D., Hariharan, K., Dhas, N., and Patel, V. (2021). “Toxicity of metallic nanoparticles,” in Nanotechnology in medicine . Berlin: Springer International Publishing, 109–136.
 Meng, Y., Shi, C., Hu, B., Gong, J., Zhong, X., Lin, X., et al. (2017). External magnetic field promotes homing of magnetized stem cells following subcutaneous injection. BMC Cell Biol. 18 (1), 24. doi:10.1186/s12860-017-0140-1
 Mestres, G., Espanol, M., Xia, W., Tenje, M., and Ott, M. (2016). Evaluation of biocompatibility and release of reactive oxygen species of aluminum oxide-coated materials. ACS Omega 1 (4), 706–713. doi:10.1021/acsomega.6b00198
 Miyachiro, M. M., Contreras-Martel, C., and Dessen, A. (2019). Penicillin-binding proteins (PBPs) and bacterial cell wall elongation complexes. Subcell. Biochem. 93, 273–289. doi:10.1007/978-3-030-28151-9_8
 Mohtashamdolatshahi, A., Kratz, H., Kosch, O., Hauptmann, R., Stolzenburg, N., Wiekhorst, F., et al. (2020). In vivo magnetic particle imaging: angiography of inferior vena cava and aorta in rats using newly developed multicore particles. Sci. Rep. 10 (1), 17247. doi:10.1038/s41598-020-74151-4
 Moncrieff, M., Pywell, S., Snelling, A., Gray, M., Newman, D., Beadsmoore, C., et al. (2022). Effectiveness of SPECT/CT imaging for sentinel node biopsy staging of primary cutaneous melanoma and patient outcomes. Ann. Surg. Oncol. 29 (2), 767–775. doi:10.1245/s10434-021-10911-4
 Moran, C. M., and Thomson, A. J. W. (2020). Preclinical ultrasound imaging—a review of techniques and imaging applications. Front. Phys. 8. doi:10.3389/fphy.2020.00124
 Mukherjee, S., and Patra, C. R. (2016). Therapeutic application of anti-angiogenic nanomaterials in cancers. Nanoscale 8 (25), 12444–12470. doi:10.1039/c5nr07887c
 Narasimhan, A. K., Balasubramanian, S. L., and Krishnamurthi, G. (2021). Influence of europium (Eu) doped tantalum oxide nanoparticles (TaOx NPs): a potential contrast agent. Mater. Lett. 300, 130214. doi:10.1016/j.matlet.2021.130214
 Narayanan, K. B., and Sakthivel, N. (2008). Coriander leaf mediated biosynthesis of gold nanoparticles. Mater. Lett. 62 (30), 4588–4590. doi:10.1016/j.matlet.2008.08.044
 Nasrollahzadeh, M., Issaabadi, Z., and Sajadi, S. M. (2018). Green synthesis of a Cu/MgO nanocomposite by Cassytha filiformis L. extract and investigation of its catalytic activity in the reduction of methylene blue, Congo red and nitro compounds in aqueous media. RSC Adv. 8 (7), 3723–3735. doi:10.1039/c7ra13491f
 Nath, D., and Banerjee, P. (2013). Green nanotechnology–a new hope for medical biology. Environ. Toxicol. Pharmacol. 36 (3), 997–1014. doi:10.1016/j.etap.2013.09.002
 Nguyen, N.-Y. T., Grelling, N., Wetteland, C. L., Rosario, R., and Liu, H. (2018). Antimicrobial activities and mechanisms of magnesium oxide nanoparticles (nMgO) against pathogenic bacteria, yeasts, and biofilms. Sci. Rep. 8 (1), 16260. doi:10.1038/s41598-018-34567-5
 Okuyama, K., and Lenggoro, I. W. (2003). Preparation of nanoparticles via spray route. Chem. Eng. Sci. 58 (3–6), 537–547. doi:10.1016/s0009-2509(02)00578-x
 Panagiotopoulos, N., Duschka, R. L., Ahlborg, M., Bringout, G., Debbeler, C., Graeser, M., et al. (2015). Magnetic particle imaging: current developments and future directions. Int. J. Nanomed. 10, 3097–3114. doi:10.2147/ijn.s70488
 Pankhurst, Q. A., Connolly, J., Jones, S. K., and Dobson, J. (2003). Applications of magnetic nanoparticles in biomedicine. J. Phys. D Appl. Phys. 36 (13), R167–R181. doi:10.1088/0022-3727/36/13/201
 Paskevicius, M., Webb, J., Pitt, M., Blach, T., Hauback, B., Gray, E. M., et al. (2009). Mechanochemical synthesis of aluminium nanoparticles and their deuterium sorption properties to 2 kbar. J. Alloys Compd. 481 (1-2), 595–599. doi:10.1016/j.jallcom.2009.03.031
 Patra, S., Mukherjee, S., Barui, A. K., Ganguly, A., Sreedhar, B., and Patra, C. R. (2015). Green synthesis, characterization of gold and silver nanoparticles and their potential application for cancer therapeutics. Mater. Sci. Eng. C 53, 298–309. doi:10.1016/j.msec.2015.04.048
 Peng, Q., Tang, X., Liu, K., Luo, X., He, D., Dai, Y., et al. (2020). High-efficiency catalysis of peroxymonosulfate by MgO for the degradation of organic pollutants. Minerals 10 (1), 2. doi:10.3390/min10010002
 Picca, A., Calvani, R., Coelho-Junior, H. J., Landi, F., Bernabei, R., and Marzetti, E. (2020). Mitochondrial dysfunction, oxidative stress, and neuroinflammation: intertwined Roads to neurodegeneration. Antioxidants (Basel, Switz.) 9 (8), 647. doi:10.3390/antiox9080647
 Pilakka-Kanthikeel, S., Atluri, V. S. R., Sagar, V., Saxena, S. K., and Nair, M. (2013). Targeted brain derived neurotropic factors (BDNF) delivery across the blood-brain barrier for neuro-protection using magnetic nano carriers: an in-vitro study. PLoS One 8 (4), e62241. doi:10.1371/journal.pone.0062241
 Pouratian, N., and Sheth, S. (2009). “Optical imaging of intrinsic signals,” in Encyclopedia of neuroscience ed . Editor L. R. Squire (Oxford: Academic Press), 271–278.
 Punjabi, K., Choudhary, P., Samant, L., Mukherjee, S., Vaidya, S., and Chowdhary, A. (2015). Biosynthesis of nanoparticles: a review. Int. J. Pharm. Sci. Rev. Res. 30 (1), 219–226. 
 Qiang, L., Arabeyyat, Z. H., Xin, Q., Paunov, V. N., Dale, I. J. F., Lloyd Mills, R. I., et al. (2020). Silver nanoparticles in zebrafish (Danio rerio) embryos: uptake, growth and molecular responses. Int. J. Mol. Sci. 21 (5), 1876. doi:10.3390/ijms21051876
 Rai, M., Pandit, R., Paralikar, P., Shende, S., Gaikwad, S., Ingle, A. P., et al. (2017). “Nanoparticles as therapeutic agent for treatment of bacterial infections,” in Essential Oils and Nanotechnology for Treatment of Microbial Diseases (Boca Raton, FL: CRC Press), 191–208.
 Rajput, N. (2015). Methods of preparation of nanoparticles-a review. Int. J. Adv. Eng. Technol. 7 (6), 1806. 
 Raut, R. W., Mendhulkar, V. D., and Kashid, S. B. (2014). Photosensitized synthesis of silver nanoparticles using Withania somnifera leaf powder and silver nitrate. J. Photochem. Photobiol. B Biol. 132, 45–55. doi:10.1016/j.jphotobiol.2014.02.001
 Ren, Y., Liu, H., Liu, X., Zheng, Y., Li, Z., Li, C., et al. (2020). Photoresponsive materials for antibacterial applications. Cell Rep. Phys. Sci. 1 (11), 100245. doi:10.1016/j.xcrp.2020.100245
 Rosi, N. L., Giljohann, D. A., Thaxton, C. S., Lytton-Jean, A. K., Han, M. S., and Mirkin, C. A. (2020). “Oligonucleotide-modified gold nanoparticles for intracellular gene regulation,” in Spherical nucleic acids (New Delhi: Jenny Stanford Publishing), 1565–1575.
 Roy, T. L., Forbes, T. L., Dueck, A. D., and Wright, G. A. (2018). MRI for peripheral artery disease: Introductory physics for vascular physicians. Vasc. Med. 23 (2), 153–162. doi:10.1177/1358863x18759826
 Sadowski, Z., Maliszewska, I., Grochowalska, B., Polowczyk, I., and Kozlecki, T. (2008). Synthesis of silver nanoparticles using microorganisms. Mater. Pol. 26 (2), 419–424. 
 Saito, A., Mekawy, M. M., Sumiyoshi, A., Riera, J. J., Shimizu, H., Kawashima, R., et al. (2016). Noninvasive targeting delivery and in vivo magnetic resonance tracking method for live apoptotic cells in cerebral ischemia with functional Fe2O3 magnetic nanoparticles. J. Nanobiotech. 14 (1), 19. doi:10.1186/s12951-016-0173-1
 Saleha, A., Shende, S. S., Ingle, P., Rai, M., Minkina, T. M., and Gade, A. (2023). Cell free extract-mediated biogenic synthesis of ZnONPs and their application with kanamycin as a bactericidal combination. World J. Microbiol. Biotechnol. 39 (12), 334. doi:10.1007/s11274-023-03777-z
 Sánchez-López, E., Gomes, D., Esteruelas, G., Bonilla, L., Lopez-Machado, A. L., Galindo, R., et al. (2020). Metal-based nanoparticles as antimicrobial agents: an overview. Nanomater. (Basel, Switz.) 10 (2), 292. doi:10.3390/nano10020292
 Sanghi, R., and Verma, P. (2009). Biomimetic synthesis and characterisation of protein capped silver nanoparticles. Bioresour. Technol. 100 (1), 501–504. doi:10.1016/j.biortech.2008.05.048
 Sarbadhikary, P., George, B. P., and Abrahamse, H. (2021). Recent advances in Photosensitizers as multifunctional theranostic agents for imaging-guided photodynamic therapy of cancer. Theranostics 11 (18), 9054–9088. doi:10.7150/thno.62479
 Sathali, A., Ekambaram, P., and Priyanka, K. (2012). Solid lipid nanoparticles: a review. Sci. Rev. Chem. Commun. 2 (1), 80–102. 
 Sayavedra-Soto, L. A., and Stein, L. Y. (2011). “Genetic transformation of ammonia-oxidizing bacteria,”. Methods in Enzymology ed . Editor M. G. Klotz (Cambridge, MA: Academic Press), Vol. 486, 389–402. doi:10.1016/B978-0-12-381294-0.00017-1
 Sengani, M., Grumezescu, A. M., and Rajeswari, V. D. (2017). Recent trends and methodologies in gold nanoparticle synthesis–A prospective review on drug delivery aspect. OpenNano 2, 37–46. doi:10.1016/j.onano.2017.07.001
 Serkova, N. J. (2017). Nanoparticle-based magnetic resonance imaging on tumor-associated macrophages and inflammation. Front. Immunol. 8, 590. doi:10.3389/fimmu.2017.00590
 Shahlaei, M., Asl, S. M., and Saeidifar, M. (2020). “Chapter 5 - nanotechnology in gene delivery for neural regenerative medicine,” in Neural Regenerative Nanomedicine ed . Editor M. Razavi (Cambridge, MA: Academic Press), 123–157.
 Shahmuradyan, A., and Krull, U. J. (2016). Intrinsically labeled fluorescent oligonucleotide probes on quantum dots for transduction of nucleic acid hybridization. Anal. Chem. 88 (6), 3186–3193. doi:10.1021/acs.analchem.5b04536
 Shan, Y., Wang, Z., Song, S., Xue, Q., Ge, Q., Yang, H., et al. (2022). Integrated positron emission tomography/magnetic resonance imaging for resting-state functional and metabolic imaging in human brain: what is correlated and what is impacted. Front. Neurosci. 16, 824152. doi:10.3389/fnins.2022.824152
 Shao, D., Wang, Z., Chang, Z., Chen, L., Dong, W.-F., and Leong, K. W. (2021). Janus metallic mesoporous silica nanoparticles: unique structures for cancer theranostics. Curr. Opin. Biomed. Eng. 19, 100294. doi:10.1016/j.cobme.2021.100294
 Sharma, G., Kumar, A., Sharma, S., Naushad, M., Dwivedi, R. P., Alothman, Z. A., et al. (2019). Novel development of nanoparticles to bimetallic nanoparticles and their composites: a review. J. King Saud Univ.-Sci. 31 (2), 257–269. doi:10.1016/j.jksus.2017.06.012
 Shi, J., Wang, B., Chen, Z., Liu, W., Pan, J., Hou, L., et al. (2016). A multi-functional tumor theranostic nanoplatform for MRI guided photothermal-chemotherapy. Pharm. Res. 33 (6), 1472–1485. doi:10.1007/s11095-016-1891-7
 Shnoudeh, A. J., Hamad, I., Abdo, R. W., Qadumii, L., Jaber, A. Y., Surchi, H. S., et al. (2019) “Synthesis, characterization, and applications of metal nanoparticles,” in Biomaterials and bionanotechnology . Amsterdam: Elsevier, 527–612.
 Shooli, H., Dadgar, H., Wáng, Y.-X. J., Vafaee, M. S., Kashuk, S. R., Nemati, R., et al. (2019). An update on PET-based molecular imaging in neuro-oncology: challenges and implementation for a precision medicine approach in cancer care. Quantitative Imaging Med. Surg. 9 (9), 1597–1610. doi:10.21037/qims.2019.08.16
 Singh, J., Dutta, T., Kim, K.-H., Rawat, M., Samddar, P., and Kumar, P. (2018). ‘Green’synthesis of metals and their oxide nanoparticles: applications for environmental remediation. J. Nanobiotech. 16 (1), 84–24. doi:10.1186/s12951-018-0408-4
 Singh, P., Kim, Y.-J., Zhang, D., and Yang, D.-C. (2016). Biological synthesis of nanoparticles from plants and microorganisms. Trends Biotechnol. 34 (7), 588–599. doi:10.1016/j.tibtech.2016.02.006
 Soetaert, F., Korangath, P., Serantes, D., Fiering, S., and Ivkov, R. (2020). Cancer therapy with iron oxide nanoparticles: agents of thermal and immune therapies. Adv. Drug Deliv. Rev. 163-164, 65–83. doi:10.1016/j.addr.2020.06.025
 Song, J., Yang, X., Yang, Z., Lin, L., Liu, Y., Zhou, Z., et al. (2017). Rational design of branched nanoporous gold nanoshells with enhanced physico-optical properties for optical imaging and cancer therapy. ACS Nano 11 (6), 6102–6113. doi:10.1021/acsnano.7b02048
 Strauch, B. M., Niemand, R. K., Winkelbeiner, N. L., and Hartwig, A. (2017). Comparison between micro- and nanosized copper oxide and water soluble copper chloride: interrelationship between intracellular copper concentrations, oxidative stress and DNA damage response in human lung cells. Part. Fibre Toxicol. 14 (1), 28. doi:10.1186/s12989-017-0209-1
 Suárez-García, S., Esposito, T. V. F., Neufeld-Peters, J., Bergamo, M., Yang, H., Saatchi, K., et al. (2021). Hybrid metal-phenol nanoparticles with polydopamine-like coating for PET/SPECT/CT imaging. ACS Appl. Mater Interf. 13 (9), 10705–10718. doi:10.1021/acsami.0c20612
 Sun, C., Gao, M., and Zhang, X. (2017). Surface-enhanced Raman scattering (SERS) imaging-guided real-time photothermal ablation of target cancer cells using polydopamine-encapsulated gold nanorods as multifunctional agents. Anal. Bioanal. Chem. 409 (20), 4915–4926. doi:10.1007/s00216-017-0435-2
 Sung, Y. K., and Kim, S. (2019). Recent advances in the development of gene delivery systems. Biomaterials Res. 23 (1), 8–7. doi:10.1186/s40824-019-0156-z
 Sunkar, S., and Nachiyar, C. V. (2012). Biogenesis of antibacterial silver nanoparticles using the endophytic bacterium Bacillus cereus isolated from Garcinia xanthochymus. Asian Pac. J. Trop. Biomed. 2 (12), 953–959. doi:10.1016/s2221-1691(13)60006-4
 Swihart, M. T. (2003). Vapor-phase synthesis of nanoparticles. Curr. Opin. Colloid and Interf. Sci. 8 (1), 127–133. doi:10.1016/s1359-0294(03)00007-4
 Tabish, T. A., Dey, P., Mosca, S., Salimi, M., Palombo, F., Matousek, P., et al. (2020). Smart gold Nanostructures for light mediated cancer theranostics: combining optical diagnostics with photothermal therapy. Adv. Sci. (Weinh) 7 (15), 1903441. doi:10.1002/advs.201903441
 Tahir, K., Nazir, S., Li, B., Ahmad, A., Nasir, T., Khan, A. U., et al. (2016). Sapium sebiferum leaf extract mediated synthesis of palladium nanoparticles and in vitro investigation of their bacterial and photocatalytic activities. J. Photochem. Photobiol. B Biol. 164, 164–173. doi:10.1016/j.jphotobiol.2016.09.030
 Talebloo, N., Gudi, M., Robertson, N., and Wang, P. (2020). Magnetic particle imaging: current applications in biomedical research. J. Magnetic Reson. Imag. 51 (6), 1659–1668. doi:10.1002/jmri.26875
 Tang, Z.-X., and Lv, B.-F. (2014). MgO nanoparticles as antibacterial agent: preparation and activity. Braz. J. Chem. Eng. 31 (3), 591–601. doi:10.1590/0104-6632.20140313s00002813
 Tarafdar, J. C., and Raliya, R. (2013). Rapid, low-cost, and ecofriendly approach for iron nanoparticle synthesis using Aspergillus oryzae TFR9. J. Nanopart. 2013, 1–4. doi:10.1155/2013/141274
 Teuho, J., Torrado-Carvajal, A., Herzog, H., Anazodo, U., Klén, R., Iida, H., et al. (2020). Magnetic resonance-based attenuation correction and scatter correction in neurological positron emission tomography/magnetic resonance imaging—current status with emerging applications. Front. Phys. 7. doi:10.3389/fphy.2019.00243
 Tian, B., Li, J., Pang, R., Dai, S., Li, T., Weng, Y., et al. (2018). Gold nanoparticles biosynthesized and functionalized using a hydroxylated tetraterpenoid trigger gene expression changes and apoptosis in cancer cells. ACS Appl. Mater. Interf. 10 (43), 37353–37363. doi:10.1021/acsami.8b09206
 Tran-Gia, J., Denis-Bacelar, A. M., Ferreira, K. M., Robinson, A. P., Calvert, N., Fenwick, A. J., et al. (2021). A multicentre and multi-national evaluation of the accuracy of quantitative Lu-177 SPECT/CT imaging performed within the MRTDosimetry project. EJNMMI Phys. 8 (1), 55. doi:10.1186/s40658-021-00397-0
 Travisano, M. (2001). “Bacterial genetics,” in Encyclopedia of Biodiversity ed . Editor S. A. Levin (New York, NY: Elsevier), 339–350.
 Tsoukalas, C., Psimadas, D., Kastis, G. A., Koutoulidis, V., Harris, A. L., Paravatou-Petsotas, M., et al. (2018). A novel metal-based imaging probe for targeted dual-modality SPECT/MR imaging of angiogenesis. Front. Chem. 6, 224. doi:10.3389/fchem.2018.00224
 Vijayaram, S., Razafindralambo, H., Sun, Y. Z., Vasantharaj, S., Ghafarifarsani, H., Hoseinifar, S. H., et al. (2024). Applications of green synthesized metal nanoparticles—a review. Biol. Trace Elem. Res. 202 (1), 360–386. doi:10.1007/s12011-023-03645-9
 Wabler, M., Zhu, W., Hedayati, M., Attaluri, A., Zhou, H., Mihalic, J., et al. (2014). Magnetic resonance imaging contrast of iron oxide nanoparticles developed for hyperthermia is dominated by iron content. Int. J. Hyperth. 30 (3), 192–200. doi:10.3109/02656736.2014.913321
 Wang, L., Hu, C., and Shao, L. (2017). The antimicrobial activity of nanoparticles: present situation and prospects for the future. Int. J. Nanomed. 12, 1227–1249. doi:10.2147/ijn.s121956
 Wang, T., Hou, Y., Bu, B., Wang, W., Ma, T., Liu, C., et al. (2018). Timely visualization of the collaterals formed during acute ischemic stroke with Fe3O4 nanoparticle-based MR imaging probe. Small 14 (23), 1800573. doi:10.1002/smll.201800573
 Wen, S., Miao, X., Fan, G. C., Xu, T., Jiang, L. P., Wu, P., et al. (2019). Aptamer-conjugated Au nanocage/SiO(2) core-shell bifunctional nanoprobes with high stability and biocompatibility for cellular SERS imaging and near-infrared photothermal therapy. ACS Sens. 4 (2), 301–308. doi:10.1021/acssensors.8b00682
 Willems, v. d. W. (2005). Roadmap Report on Nanoparticles. Barcelona, Spain: W&W Espana sl, 157. 
 Wu, T., Liu, Y., Cao, Y., and Liu, Z. (2022). Engineering macrophage exosome disguised biodegradable nanoplatform for enhanced sonodynamic therapy of glioblastoma. Adv. Mater. 34, 2110364. doi:10.1002/adma.202110364
 Wu, Y., Vazquez-Prada, K. X., Liu, Y., Whittaker, A. K., Zhang, R., and Ta, H. T. (2021). Recent advances in the development of theranostic nanoparticles for cardiovascular diseases. Nanotheranostics 5 (4), 499–514. doi:10.7150/ntno.62730
 Xin, Y., Huang, M., Guo, W. W., Huang, Q., Zhang, L. z., and Jiang, G. (2017). Nano-based delivery of RNAi in cancer therapy. Mol. Cancer 16 (1), 134. doi:10.1186/s12943-017-0683-y
 Xu, C., Akakuru, O. U., Zheng, J., and Wu, A. (2019). Applications of iron oxide-based magnetic nanoparticles in the diagnosis and treatment of bacterial infections. Front. Bioeng. Biotechnol. 7, 141. doi:10.3389/fbioe.2019.00141
 Xue, Y., Sui, Q., Brusseau, M. L., Zhang, X., Qiu, Z., and Lyu, S. (2018). Insight on the generation of reactive oxygen species in the CaO(2)/Fe(II) Fenton system and the hydroxyl radical advancing strategy. Chem. Eng. J. 353, 657–665. doi:10.1016/j.cej.2018.07.124
 Yadav, T. P., Yadav, R. M., and Singh, D. P. (2012). Mechanical milling: a top down approach for the synthesis of nanomaterials and nanocomposites. Nanosci. Nanotechnol. 2 (3), 22–48. doi:10.5923/j.nn.20120203.01
 Yang, C., Guo, C., Guo, W., Zhao, X., Liu, S., and Han, X. (2018). Multifunctional bismuth nanoparticles as theranostic agent for PA/CT imaging and NIR laser-driven photothermal therapy. ACS Appl. Nano Mater. 1 (2), 820–830. doi:10.1021/acsanm.7b00255
 Yang, Y., Han, Y., Sun, Q., Cheng, J., Yue, C., Liu, Y., et al. (2021). Au-siRNA@ aptamer nanocages as a high-efficiency drug and gene delivery system for targeted lung cancer therapy. J. Nanobiotech. 19 (1), 54. doi:10.1186/s12951-020-00759-3
 Yao, Y., Zang, Y., Qu, J., Tang, M., and Zhang, T. (2019). The toxicity of metallic nanoparticles on liver: the subcellular damages, mechanisms, and outcomes. Int. J. Nanomed. 14, 8787–8804. doi:10.2147/ijn.s212907
 You, D. G., Deepagan, V. G., Um, W., Jeon, S., Son, S., Chang, H., et al. (2016). ROS-generating TiO2 nanoparticles for non-invasive sonodynamic therapy of cancer. Sci. Rep. 6 (1), 23200. doi:10.1038/srep23200
 Youssif, K. A., Haggag, E. G., Elshamy, A. M., Rabeh, M. A., Gabr, N. M., Seleem, A., et al. (2019). Anti-Alzheimer potential, metabolomic profiling and molecular docking of green synthesized silver nanoparticles of Lampranthus coccineus and Malephora lutea aqueous extracts. PLoS One 14 (11), e0223781. doi:10.1371/journal.pone.0223781
 Yu, Z., Li, Q., Wang, J., Yu, Y., Wang, Y., Zhou, Q., et al. (2020). Reactive oxygen species-related nanoparticle toxicity in the biomedical field. Nanoscale Res. Lett. 15 (1), 115. doi:10.1186/s11671-020-03344-7
 Zemaitis, M. R., Boll, J. M., and Dreyer, M. A. (2017). Peripheral Arterial Disease. St. Petersburg, FL: Statpearls Publishing. 
 Zhang, C., Xin, L., Li, J., Cao, J., Sun, Y., Wang, X., et al. (2022). Metal–organic framework (MOF)-based ultrasound-responsive dual-sonosensitizer nanoplatform for hypoxic cancer therapy. Adv. Healthc. Mater. 11 (2), 2101946. doi:10.1002/adhm.202101946
 Zhang, H., Pan, X., Wu, Q., Guo, J., Wang, C., and Liu, H. (2021). Manganese carbonate nanoparticles-mediated mitochondrial dysfunction for enhanced sonodynamic therapy. Exploration 1 (2), 20210010. doi:10.1002/EXP.20210010
 Zhang, Y., Zhang, B., Liu, F., Luo, J., and Bai, J. (2014). In vivo tomographic imaging with fluorescence and MRI using tumor-targeted dual-labeled nanoparticles. Int. J. Nanomed. 9, 33–41. doi:10.2147/IJN.S52492
 Zhao, J., Xu, N., Yang, X., Ling, G., and Zhang, P. (2022). The roles of gold nanoparticles in the detection of amyloid-β peptide for Alzheimer’s disease. Colloid Interf. Sci. Commun. 46, 100579. doi:10.1016/j.colcom.2021.100579
 Zhao, L., Wen, S., Zhu, M., Li, D., Xing, Y., Shen, M., et al. (2018). 99mTc-labelled multifunctional polyethylenimine-entrapped gold nanoparticles for dual mode SPECT and CT imaging. Artif. Cells, Nanomed. Biotechnol. 46 (Suppl. 1), 488–498. doi:10.1080/21691401.2018.1430696
 Zhao, X., and Drlica, K. (2014). Reactive oxygen species and the bacterial response to lethal stress. Curr. Opin. Microbiol. 21, 1–6. doi:10.1016/j.mib.2014.06.008
 Zhou, X. Y., Tay, Z. W., Chandrasekharan, P., Yu, E. Y., Hensley, D. W., Orendorff, R., et al. (2018). Magnetic particle imaging for radiation-free, sensitive and high-contrast vascular imaging and cell tracking. Curr. Opin. Chem. Biol. 45, 131–138. doi:10.1016/j.cbpa.2018.04.014
 Zhu, L., Zhou, Z., Mao, H., and Yang, L. (2017). Magnetic nanoparticles for precision oncology: theranostic magnetic iron oxide nanoparticles for image-guided and targeted cancer therapy. Nanomedicine Lond. Engl. 12 (1), 73–87. doi:10.2217/nnm-2016-0316
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Shahalaei, Azad, Sulaiman, Derakhshani, Mofakham, Mallandrich, Kumarasamy and Subramaniyan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-12-1398979-t002.jpg
Plant origin

Nanometal

Morphology

Applications

Reference

Aloe barbadensis  Gold and silver | 10-30 Spherical and triangular Cancer hyperthermia and optical coatings ~ Chandran et al. (2006)
Miller
Acalypha indica Silver 20-30 Spherical Antibacterial activity against waterborne Krishnaraj et al. (2010)
pathogens
Apiin extracted Silver and gold | 39 Spherical, triangular, and Hyperthermia of cancer cells and IR- Kasthuri et al. (2009)
from henna leaves quasi-spherical absorbing optical coatings
Coriandrum Gold 675-57.91 | Spherical, triangular, and Drug delivery, tissue/tumor imaging and | Narayanan and Sakthivel (2008)
sativum (coriander) truncated triangular photothermal therapy
decahedral
Medicago sativa Gold 2-40 Irregular, tetrahedral, Labeling in structural biology Gardea-Torresdey et al. (2002),
(alfalfa) hexagonal platelet Gardea-Torresdey et al. (2003)
Iron oxide 2-10 Decahedral and icosahedral ~ Cancer hyperthermia and drug delivery Herrera-Becerra et al. (2008)
Crystalline
Sapium sebiferum  Palladium 2-14 Spherical Antibacterial activity against S. aureus, ‘Tahir et al. (2016)
Bacillus subtilis, and P. aeruginosa, and
photocatalytic activity
Ocimum Selenium 1520 Spherical Medical and pharmaceutical Liang et al. (2020)

tenuiflorum






OPS/images/fchem-12-1398979-t003.jpg
Brain
disease

Nanoplatform

Application

Therapeutic agent

Functionalize
group

References

Alzheimer AuNPs Imaging therapy L- and D-glutathione Peptide chirality (Zhao et al,, 2022;
Hou et al, 2020)
AgNPs ‘Therapy Lampranthus coccineus and Youssif et al. (2019)
Malephora lutea F. Aizoaceae
IONPs Imaging and Alzheimer's Hyaluronic acid (HA) Chen et al. (2022)
disease treatment
SPIONs Nerve growth factor (NGF) Nerve growth factor (NGF) | Katebi et al. (2019)
Parkinson Au-TiO2 Detection Primary antibodies Primary antibodies
AuNPs Therapy PDNA incorporated exogenous | Nerve growth factor (NGF) | Hu et al. (2018)
interfering RNA (RNAI) and nerve
growth factor (NGF)
AgNPs Citrate cap Gonzalez-Carter et al.
(2017)
IONPs Therapy Dextran Chung et al. (2018)
SPIONs Nerve growth factor (NGF) Nerve growth factor (NGF) | Katebi et al. (2019)
Neurotoxicity | Magnetic NPs (Fe* and | Imaging Brain-derived neurotropic factor Pilakka-Kanthikeel et al.
Fe** ions) Neuro-protection (BDNF) (2013)
Multiple Au nanocrystal Therapy Clene-Nanomedicine
sclerosis (2021)
Cerebral AuNPs Imaging Glycol-chitosan/fibrin- Kim et al. (2015)
ischemia targeting peptide
TONPs Imaging/targeting RGD peptide targeting Wang et al. (2018);(Saito
avp3 integrin etal, 2016)
Pan-caspase inhibitor
SPIONs Imaging Rhodamine-B and platelet | Mengetal. (2017); Heetal.
‘membrane (2021)
Epilepsy SPIONs-Si0, ‘Therapy-imaging Ethosuximide (ESM) Huang et al. (2009)

SPIONs

‘Therapy-imaging

Anti-IL-1§ monoclonal
antibody (mAb)

Anti-IL-1§ monoclonal
antibody (mAb)

Fu et al. (2016)
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Type of Species  Nanometal Size Morphology Application Efficiency of Reference

microbe (nm) application
of NPs

Bacteria Bacillus cereus | Silver 2040 | Spherical Antibacterial activity against  The synthesized Sunkar and Nachiyar
Escherichia coli, Pseudomonas  nanoparticles were (2012)
aeruginosa,Staphylococcus found to be spherical
aureus, Salmonella typhi, and  with a size in the range of
Klebsiella pneumoniae 20-40 nm. The
bacteria endophytic bacteria were

able to synthesize silver

nanoparticles with

potential antibacterial

activity

Bacteria Lactobacillus | Silver 20-50 | Spherical Drug delivery, oncological  This review article shows | Korbekandi et al.
casei application, and labeling with  a successful (2012)
biomolecules environmentally friendly

nanoparticle synthesis

technique

Bacteria E. coli DH 5a | Gold 8-25 Spherical Direct electrochemistry of Du et al. (2007)
hemoglobin

Bacteria Micrococcus Gold 53 Antibacterial and anticancer  The antibacterial effect of | Jafari et al. (2018)
yunnanensis the produced Au NPs and

Au* ions against three

Gram-positive and four

Gram-negative bacterial

strains exhibited lower

inhibitory activity of Au

NPsthan that of Au**ions

Bacteria Shewanella Copper 10-16 | Spherical Antibacterial It is anticipated to Ly et al. (2018)
loihica provide insights into

developing a more

potentially integrated

platform for precise

thrombus therapy.

Fungus Fusarium Silver 10460 | Crystalline Biolabeling Simple biological process | Basavaraja et al.
semitectum spherical for synthesizing silver | (2008)
nanoparticles using the

fungus F. semitectum,

making the downstream

processing easier

Fungus Cariolus Silver 25-75 | Spherical Labels for living cellsand Controlled and up- Sanghi and Verma
versicolor tissues. scalable route for the | (2009)
biosynthesis of silver

nanoparticles (NPs)

mediated by the fungal

proteins of Coriolus

versicolor

Fungus Aspergillus FeCly 10-246 | Spherical Agricultural, biomedical, and  Green approach was Tarafdar and Raliya
oryzae engineering sectors. used to synthesize iron | (2013)
nanoparticles using the

fungi Aspergillus oryzae

TFRY.

Algae Sargassum Gold 104 Spherical Antibacterial and antioxidant  Gold and silver Gonzilez-Ballesteros
muticum Silver 41 Spherical Antibacterial and antioxidant  nanoparticles were et al. (2020)
synthesized by an extract

of the brown macroalga

Sargassum muticum.

Ag@SM showed good

inhibitory capacity on

Gram+ bacteria,

especially on

Staphylococcus aureus,

with an MIC of

338 pg/mL

Yeast Candida cds 20A- | Hexamer Physiological Reported the Dameron et al. (1989)
glabrata 294 biosynthesis of quantum

crystallites in yeasts

Candida glabrata and

Schizosaccharomyces

pombe, cultured in the

presence of cadmium

salts
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