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Quantum dots are the serendipitous outcome of materials research. It is the tiny carbonaceous nanoparticles with diameters ranging from 1 to 10 nm. This review is a brief discussion of the synthesis, properties, and biomedical applicability of quantum dots, especially in herbal therapy. As quantum dots are highly polar, they can be surface decorated with several kinds of polar functionalities, such as polymeric molecules, small functional molecules, and so on. The review also consists of the basic physical and optical properties of quantum dots and their excitation―dependent properties in the application section. We focus on therapeutics, where quantum dots are used as drugs or imaging probes. Nanoprobes for several diagnostics are quite new in the biomedical research domain. Quantum dot―based nanoprobes are in high demand due to their excellent fluorescence, non-bleaching nature, biocompatibility, anchoring feasibility for several analytes, and fast point―of―care sensibility. Lastly, we also included a discussion on quantum dot―based drug delivery as phytomedicine.
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1 INTRODUCTION
Since ancient times, people all over the world have turned to herbal remedies for treatment, with doctors and patients alike acknowledging the superior therapeutic efficacy of these medications due to their lower risk of side effects (Barkat et al., 2020). To improve patient compliance with phytotherapeutics and decrease the need for recurrent administration, a scientific strategy is required to administer the components in a sustained way. To do this, one must create nanoparticle-based drug delivery systems (NDDS) specifically for the constituents found in herbs. Not only do NDDSs lessen the frequency of dosing needed to overcome non-compliance, but they also help boost the therapeutic value by decreasing toxicity and raising bioavailability. Nanotechnology is one such cutting-edge method. Herbal drug delivery methods on the nanoscale may 1 day help improve plant medicines’ efficacy and curb its drawbacks (Das and Sharangi, 2020). To improve patient compliance with phytotherapeutics and decrease the need for recurrent administration, a scientific strategy is required to administer the components in a sustained way (Kaur et al., 2021). Achieving this goal can be done by creating NDDSs specifically for botanical ingredients. In addition to decreasing the frequency of dosing required to overcome non-compliance, NDDSs also improve the therapeutic efficacy of a drug by decreasing its toxicity, raising its bioavailability, and so on (Sungthongjeen et al., 1999). The discipline of applied science and technology known as nanotechnology focuses on the creation of devices and dosage forms with dimensions between one and one hundred nanometers. Nanomedicine is a term that was used relatively recently to refer to the uses of nanotechnology for the treatment, diagnosis, monitoring, and control of biological systems. The nanocarriers have been created using non-hazardous components, such as synthetic biodegradable polymers, lipids, and polysaccharides, among others. The effectiveness of medicinal herbs is dependent on the overall function of a range of active components. This is because all of the constituents produce synergistic action, which increases the therapeutic value of the herbal medication. Each active ingredient performs an essential function, and those functions are intricately intertwined with one another. However, the vast majority of drugs of herbal origin have an insoluble nature, which results in decreased biodistribution and increased vascular clearance. This necessitates either repeated administration or a higher dose, both of which render the drug an unattractive prospect for use in therapeutic applications. NDDS for phytomedicines incorporates personalized controlled drug delivery, which has shown possibilities to lower the dose frequency, boost the solubility and absorption while decreasing the elimination. Additionally, NDDS for phytomedicines has shown potentials to minimize the amount of time it takes to complete the treatment (Musthaba et al., 2009). When it comes to herbal medicine, the drug delivery systems that are based on nanoparticles (NPs), also known as NDDS, have been recognized to be among the most essential kinds of delivery systems that are available. In addition, the NPs might be particularly used to target the phytomedicines to various organs, cells, and tissues, which would ultimately increase the medicine’s targeting capacity as well as its efficiency and safety. The primary purpose of the design and construction of the NDDS is to circumvent the restrictions that are connected with traditional or conventional herbal medication delivery systems (Musthaba et al., 2009). In the past few years, researchers have paid a lot of attention to the process of creating and testing nanomaterials. Because of their compact size and broad range of applications, these materials have become ubiquitous in virtually every facet of human existence, which has resulted in significant shifts in all of those domains. The uses of nanotechnology include everything from medical instruments to semiconductors and medication delivery systems (Rahimi-Nasrabadi et al., 2016). At some level, every natural or artificial system is made up of nanoscale structures. The formation of useful structures out of individual molecules is one of the goals of nanotechnology. For example, there is a great trend in the formation and characterization of nanoparticles and quantum dots (Hosseinpour-Mashkani and Sobhani-Nasab, 2017). Synthesizing inorganic nanoparticles utilizing natural reducing or capping chemicals such as sugars, vitamins, natural polymers, phytoconstituents, and microbes is an appealing method for achieving this objective. Compounds derived from plants are some of the most promising options for use in the synthesis of nanoparticles and quantum dots on a massive scale. Nanotechnology employs a wide variety of nanoparticles for the administration of drugs, including dendrimers, liposomes, nanopores, and nanoemulsions, amongst others (Figure 1). Herbal components, like those used in traditional Chinese medicine and Ayurveda, have a rich history of use by humans and continue to play significant roles in the maintenance of good health.
[image: Figure 1]FIGURE 1 | Different types of nanoformulations for therapeutic delivery.
A number of factors have attracted researchers in recent years about the nanonization or size reduction of herbal medicines. Increased component solubility, decreased dosage, and enhanced absorbability are only some of the benefits of nanonizing medicines and other bioactive preparations over their crude counterparts (Brigger et al., 2012). Due to their unique properties—larger surface area, electronic structural selectivity between the molecular and metallic states, and processing of a large number of low coordination sites—metallic nanoparticles have found widespread usage in the pharmaceutical and diagnostic industries. In contrast to more traditional methods like centrifugation and filtration, magnetic nanoparticles (MNPs) have been found to be particularly useful in bio-separation, where the conjugation of target biomolecules and MNPs (functionalized with specific receptors) forms complexes that can be easily fascinated in the presence of an applied magnetic field (Kharisov et al., 2014). Bio-sensing, medication administration, MRI, and hyperthermia are just some of the other fields that might benefit from this method (Ganguly et al., 2021). Herbal bioactive or herbal medications have been delivered using solid lipid nanoparticles (SLN) like gold and silver nanoparticles (Möltgen et al., 2013). Drugs or active moieties with anticancer, antibacterial, and anti-inflammatory activity can be delivered by nanogels, which operate as nanocarriers (Kaur et al., 2019). Incorporating the same plant extracts or water-soluble phytoconstituents into the phospholipids to create lipid compatible molecular complexes increases the absorption and bioavailability of the medication or phytoconstituents and is protected by patent (Semalty et al., 2010). Dendrimers, liposomes, nanopores, nanoemulsions, etc. are only few of the nanoparticles used in medication delivery thanks to advancements in nanotechnology. Nanoparticles are an exciting new medication delivery option, but at now, it is impossible to predict how the drug will behave in vivo. Typically ranging in size from 2 to 20 nm, quantum dots (QDs) are a semiconducting cluster of atoms that have been chemically created and display intriguing optical features (Parameswaranpillai and Ganguly, 2023). Studies demonstrate that folates adorned nano-formulation selectively targets folate receptor-positive where QDs assisted to decide in vivo drug release and drug targeting, which means they may be utilised to target and track certain cancers (Yuan et al., 2014; Das et al., 2022). This article will discuss mostly the synthesis, fabrication, surface functionalization of QDs. Besides these, the article will also discuss the area of QDs in plant derived nanosized drug formulation and their delivery/targeting.
2 QUANTUM DOTS
Breakthroughs in the synthesis and manufacturing of novel materials have constantly improved and strengthened the foundation of nanoscience and technology (Ahmed et al., 2014; Lee et al., 2014; Ahmed et al., 2018a). QDs are nanosized semiconductor crystals composed of elements from groups II–VI or III–V. Particles with sizes smaller than the exciton Bohr radius are called QDs (Chan et al., 2002). They are zero-dimensional nanomaterials that only have a limited quantity of electrons, which corresponds to discrete quantized energy in the density of states. Quantum confinement is regarded as the most essential characteristic of QDs (Zorman et al., 1995; Liu et al., 2018b). At low dimensions, the quantum confinement effect predominates, and the properties of the system are distinct from those of bulk materials. Alexei Ekimov, a Russian physicist, made the initial discovery of QDs in solids in the year 1980 (Ekimov et al., 1994). Later on, while working in the Bell laboratory, American chemist Louis E. Brus found them in colloidal solution (Rossetti et al., 1983). The synthesis approaches of QDs can be divided into two categories: top-down and bottom up techniques (Valizadeh et al., 2012). Besides semiconductor QDs, there are several other types of QDs such as carbon quantum dots (Das et al., 2018a; Bhattacharyya et al., 2020; Saravanan et al., 2020; Das et al., 2021a; Das et al., 2021c), silicon QDs (Warner et al., 2005; Chinnathambi et al., 2014), graphitic carbon nitride QDs (Song et al., 2016; Liu et al., 2019a), graphene quantum dots (Bacon et al., 2014; Ahmed et al., 2018b; Das et al., 2019b), magnetic QDs (Koole et al., 2009; Liu et al., 2011; Das et al., 2021b) etc. Due to their wide range of useful features, such as bright multicoloured fluorescence, superior biocompatibility, non-toxicity, good water solubility, and low cost in compared to commercial dyes, these QDs have been receiving a lot of interest (Ahmed et al., 2012a; 2012b; Das et al., 2019a; Das et al., 2019c; Ganguly et al., 2019). QDs have been employed by researchers for different applications in the fields of sensing (Ahmed et al., 2019; Das et al., 2020), cell labelling (Das et al., 2019a), photocatalysis (Ganguly et al., 2019), light-emitting diodes (Zhang et al., 2013), solar cells (Lin et al., 2016; Wang et al., 2016; Gao et al., 2020), batteries and supercapacitors (Bak et al., 2016; Yin et al., 2019; Xu et al., 2021) etc. Figure 2A showed that commercially available QDs are made up of a wide variety of components, and their emission spectra range from the visible to near-infrared spectrum (Wang et al., 2021). The emission spectra of CdSe/ZnS QDs revealed size-tunable properties, as shown in Figure 2B. Pang et al. illustrated the typical structure of QDs (Figure 2C) consists of an inorganic core nanocrystal coated by an organic shell (Wang et al., 2021). The stability of biological buffers can be provided by organic surface coatings such as amphiphilic polymers, phosphoethanolamine (PEG), lipids, or small molecules. Specific binding to biological targets can be achieved through the use of functional groups such as reactive groups, small ligands, streptavidin, and antibodies.
[image: Figure 2]FIGURE 2 | (A) Commercially available visible to near infrared emitting QDs. (B) Size-controllable emission spectra of CdSe/ZnS QDs. (C) A graphical illustration of a QD probe (Wang et al., 2021).
However, as has been discussed in the literature, there are several significant limitations to employing QDs in biological settings (Yao et al., 2014). One of their drawbacks is their toxicity, which results from the release of cadmium, lead, or arsenic from their structure into the biological environment. Their poor solubility is another limitation. Modifying the QDs’ surface has been presented as a current solution to these problems. A few strategies have been proposed in this area, including surface ligand-exchange and covering QDs with biocompatible compounds (e.g., polymer layer). By means of a process known as surface ligand exchange, the naturally hydrophobic ligands on quantum dots (QDs) are swapped out for more hydrophilic ones. Trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP) are two common hydrophobic ligands discovered on the surface of QDs synthesised by the organometallic method, as has been widely described in the literature (Green, 2010). These compounds can increase water solubility and offer adhesion to other molecules like proteins, medicines, or antibodies by binding to the QD surface at one end and anchoring at the other (Karakoti et al., 2015). Luminescence and emission characteristics of QDs’ surfaces as was previously mentioned, the fluorescence characteristics of bare QDs can be suppressed by surface defects formed on crystalline nanoparticles due to their high surface energy (Jamieson et al., 2007). Long-term exposure of QDs to ionic media or cellular media (in biomedical applications) can also cause surface oxidation, photochemical degradation, and leaching of metal ions from the QD core (Singh et al., 2012). To mitigate surface flaws and high reactivity, capping QDs with stable molecules is crucial. Increasing the quantum yield and enhancing the stability of QDs at room temperature are two reasons why ZnS is frequently utilized as a capping agent (Singh et al., 2012). Capable of dissolving in water and other mediums of biological significance—The solubility of QDs in aqueous medium does not increase after capping with an outer shell such as ZnS, despite the fact that QDs are more stable and produce a higher yield. When synthesizing quantum dots (core or core shell), organic solvents (like toluene, octane, and hexane) are typically used, and the dots are stabilized by hydrophobic groups (like amines or phosphines) to regulate their size and prevent further agglomeration at high temperatures. In a single step of synthesis, the core QDs can be coated with a ZnS shell, resulting in cor-shell morphology (Thanh and Green, 2010). However, QDs stabilized with such hydrophobic ligands have limited inherent solubility in aqueous solution. Modifying the surface of QDs with hydrophilic ligands improves their solubility in water.
3 GENERAL PROPERTIES OF QDS
Researchers are intrigued by QDs due to their exceptional photophysical attributes, including high brightness, remarkable photostability, a broad excitation spectrum, narrow and size-dependent emission, a significant Stokes shift, etc. Scientists have been intrigued by the size-dependent differences in the optical and electrical properties of semiconductor nanocrystals, encouraging them to investigate the possibility of low-dimensional semiconductor materials.
It is feasible to vary the optical band gap, emission energies, and fluorescence features of QDs by adjusting their size as well as their quantum state, or quantum confinement. When the particle size is comparable to the electron’s de Broglie wavelength, the particle nature of electrons transforms to wave nature due to carrier confinement (Shaikh et al., 2021). Quantum mechanical tunnelling takes place between two particles that are close to one another due to the wave nature of electrons. Therefore, semiconductors made up of QDs are able to transport electricity (electrons and holes) in a highly constrained environment while maintaining well-defined energy levels. Their optoelectronic properties change depending on their size and shape. The increase in surface to volume ratio of QDs has led to their widespread application in the production of low-cost, large scale, and flexible thin film optoelectronic devices. As the preparation processes of the QDs are so versatile, there are major differences in the inherent properties of the QDs that are ultimately produced. These differences can be found in the size, shape, or surface arrangements of the QDs, and they ultimately lead to a diversity in the optical properties. Ajayan et al. discovered that the size of the QDs has a significant influence on the band gap, which in turn can result in a variety of different PL emissions depending on the size of the QDs (Peng et al., 2012). By manipulating the temperature, three distinct types of QDs with varied particle size distributions were produced (1–4 nm, 4–8 nm, and 7–11 nm). As the energy gap reduced from 3.90 to 2.80 eV, the PL emission colours of the resultant QDs varied from blue and green to yellow (Baig et al., 2022).
The UV-visible absorption spectra of GQDs produced at three different temperatures (80, 100, and 120°C) were shown in Figure 3A. A distinct blue shift from 330 to 270 nm was detected as the temperature increased. The discovery suggests that the reaction temperature can influence the absorbance properties of as-synthesized GQDs. The inset of Figure 3A showed digital photographs of three different GQDs irradiated with UV radiation. The emission colour of GQDs manufactured at different temperatures varied (blue, green, and yellow). Temperature effects on the emission wavelength distribution of the synthesized GQDs were shown in Figure 3B. Figure 3C depicted the relationship between the energy gap and the size of GQDs. As the size of the GQDs rises, it is evident that the energy gap will decrease, dropping from 3.90 to 2.80 eV. The luminescence decay properties of the blue GQDs were illustrated in Figure 3D. Blue and green GQD lifetime signals were remarkably well-fit to a three-exponential function. Because of their nanosecond lifetime, QDs are interesting candidates for optoelectronic and biomedical research. Kim et al. reported size-dependent shape and edge-state features that influence the absorption and PL characteristics of GQDs (Kim et al., 2012). Below 17 nm, the quantum dots have a propensity to adopt circular or elliptical shape, with zigzag and armchair edges. When the diameters exceeded 17 nm, a polygonal shape with an armchair edge was achieved (Figure 4). The quantum confinement effect has been found to be responsible for the shift in the absorption peak. On the other hand, when the size of the QDs was increased to 17 nm, the photoluminescent spectra displayed non-monotonic patterns. These non-monotonic behaviors can be attributed to the QDs’ size-dependent shape and edge changes.
[image: Figure 3]FIGURE 3 | (A) UV–Vis absorption spectra of GQDs synthesized at various temperatures A (120°C), B (100°C), and C (80°C), respectively. Inset: the corresponding GQDs under 365 nm UV light irradiation. (B) Photoluminescent emission spectra of GQDs with different emission colour excited at 318, 331, and 429 nm, respectively. (C) Relationship between the energy gap and the size of GQDs. (D) TRPL decay profile of blue GQDs. Reproduced with permission from reference (Peng et al., 2012).
[image: Figure 4]FIGURE 4 | HRTEM images of QDs presented their primary shapes and corresponding populations (p) as the average size of the QDs increases (Kim et al., 2012).
When considering the practical uses of quantum dots in a variety of domains, the photostability of the QDs is of utmost importance. QDs stability is affected by a number of variables, including temperature, oxygen, and water (Wang et al., 2017; Fu et al., 2018). Continuous exposure of photoexcited QDs in the presence of oxygen molecules causes the production of surface etching, which ultimately leads to the initiation of fluorescence quenching and broadening of the emission spectrum (Pechstedt et al., 2010). Another reason for photobleaching for many QDs is the water sensitivity of organic amino salts. In the presence of oxygen or water molecules, photoexcited QDs generate free radicals. Then, amino salts react with free radicals, resulting in QDs surface defects (You et al., 2014; Chen et al., 2016; Huang et al., 2017). Because most light-emitting devices operate at temperatures above room temperature, the stability of QDs at higher temperatures is significant. The introduction of protective shells to the surface of QDs plays a crucial role in preserving their stability, quantum yields, and preventing photodegradation.
4 BACKGROUND OF QDS IN HERBAL NANOTECHNOLOGY
Herbal supplements are frequently used in conjunction with pharmaceutical treatments, which might increase the risk of adverse medication reactions. Clinically significant interactions between herbs and drugs have been recorded, albeit much of this data comes from anecdotes and small samples of patients. Warfarin users who took Salvia miltiorrhiza with their treatment for prolonged periods experienced increased anticoagulation and bleeding, according to published case reports (danshen). Saquinavir’s AUC and maximum plasma concentration were reduced by Allium sativum (garlic), but not by ritonavir or paracetamol (acetaminophen). When combined with chlorpropamide, Allium sativum enhanced the clotting time and international normalized ratio of warfarin and triggered hypoglycemia. Combining Ginkgo biloba (ginkgo) with warfarin or aspirin (acetylsalicylic acid) led to bleeding, whereas combining ginkgo with a thiazide diuretic led to high blood pressure and coma (Watanabe et al., 2001). While Panax ginseng (ginseng) boosted the efficiency of influenza vaccination, it decreased blood concentrations of alcohol (ethanol) and warfarin and produced mania when administered concurrently with phenelzine. Cancer patients who used irinotecan experienced less gastrointestinal distress after taking Scutellaria baicalensis (huangqin). Patients on levodopa for parkinsonism reported longer “off” times when given kava, also known as Piper methysticum, and a semicomatose condition when given kava along with the tranquillizer alprazolam. While kava did increase alcohol’s sedative effects on mice, this was not the case for people. Human trough levels of indinavir were lowered by the use of Silybum marianum (milk thistle) (Hu et al., 2005). The piperine in black pepper (Piper nigrum Linn) and long pepper (P. longum Linn) raised the AUC of phenytoin, propranolol, and theophylline in healthy volunteers and plasma concentrations of rifamipicin (rifampin) in patients with pulmonary TB.
Zhou et al. created a water-soluble fluorescent CD as early as 2012 by utilizing the peel of watermelon, which is both a waste product and a raw material that may be replicated (Zhou et al., 2012). A concise timeline of the QDs based research derived from different natural resources have been depicted in Figure 5. This low-cost and fluorescent nanostructure is appealing not just for the development of future nanosensors but also for large-scale applications in high-performance imaging due to the ease with which it can be synthesized as well as the remarkable functional quality it possesses. The C-dots that were synthesized had good water-solubility, a tiny particle size (less than 2.0 nm), a high luminous efficacy, and have been used well in live cell imaging. As of right now, tens of different herbal medicines have been effectively employed as precursors in the synthesis of various herbal medications in the form of CDs. The first herbal medicine recipe for generating HM-CDs was Jiaosanxian (JSX), which was a mix of Fructus Crataegi (Jiaoshanzha), Fructus Hordei Germinatus (Jiaomaiya), and Massa Medicata Fermentata (Jiaohenqu). Following this, JSX-CDs established important benchmarks in the development of CDs generated from herbal medicine formulations. Plants serve not only as the major source of medicinal ingredients but also as the principal therapeutic agents in herbal medicine systems. Because there is no comprehensive report on the components of HM-CDs that are responsible for their activity, we are unable to expound on the possible connection that exists between HM-CDs formed from various medicinal parts and the components that make up their source ingredients. CDs obtained from the same section of several herbal species each have their own unique set of characteristics. The scientists created CDs that were obtained from 14 distinct strains of orange peels, and this study is considered to be the most typical one. Under the identical circumstances of preparation, the QY values produced by the several kinds varied significantly from one another (Wang et al., 2020). This work provides more evidence that the QY may be connected with the quantities of volatile oils, which would drive the investigation of HM-CDs obtained from the pericarp if it were to be successful.
[image: Figure 5]FIGURE 5 | Timeline of herbal medicine derived CDs.
5 BIOINSPIRED QD MEDICATION DELIVERY
In recent years, there has been a growing interest in nanopharmaceuticals, which has resulted in a number of technological developments with an emphasis on the development of new applications. The active phytoconstituents or standardized extracts of plants are what are used to make nanophytomedicines (Ganguly and Margel, 2021; Ganguly et al., 2022). It was discovered that a nanotized herbal medication that contained the active ingredients of seawort, cassia twig, and liquorice root was successful in treating cancers of the liver, lungs, bones, and skin.
The capacity to identify illnesses at much earlier stages is another benefit offered by nanotechnology (Mitchell et al., 2021). This includes the ability to locate concealed or overt metastatic colonies, which are frequently detected in people who have been diagnosed with breast, lung, colon, testicular, and ovarian cancer (Das et al., 2021b). The concept of theranostic nanomedicine revolves around the integration of diagnostic and therapeutic capabilities into a single drug delivery device.
Theranostics is a relatively new therapeutic paradigm that allows for the simultaneous application of treatment and diagnostics (Khizar et al., 2021). Theranostic medicines provide illness diagnosis, therapy, and real-time monitoring of treatment progress and success, all with one pharmacological agent by integrating both diagnostic and therapeutic capabilities in a single delivery formulation (Das et al., 2019c). Because cancer may take many different forms, there is no single treatment that is certain to be successful for every individual affected by the disease. The ability to monitor drug accumulation in target tissues and therapeutic responses enables an individualized feedback process (Truong et al., 2015). This process allows treatment strategies (drug doses, patient management protocols, and so on) to be further adjusted to meet the changing requirements of each individual patient (Cho et al., 2008). As a result, theranostics is an example of a technology that makes individualized medicine possible. Drug delivery applications systems are typically based on biocompatible and biodegradable polymers that are constructed to frame nanocarriers. These nanostructures have the ability to co-encapsulate or conjugate anti-cancer drugs, contrast agents, and preferential ligands (Li et al., 2017). These nanocomposites are developed to specifically target cells in order to improve diagnosis, evaluation, and resolution of pathologies. It is widely agreed upon that the utilization of nanoscale carriers is required in order to accomplish lengthy blood circulation (by evading both renal clearance and hepatic capture) and significant accumulation in tumour tissue (Hui et al., 2019). As a rule, tumours have leaky vasculature and inefficient lymphatic drainage, both of which contribute to increased nanoparticle penetration and prolonged retention times. The improved permeability and retention effect, often referred as this passive targeting mechanism, has been extensively highlighted as a basis for the use of nanocarriers in cancer treatment.
6 QDS-BASED THERAPEUTICS
In recent times, among the natural raw material that may be utilized for the creation of C-dots, food items have been the subject of research (Ganguly et al., 2019). This is because the hydrothermal process that is involved in the synthesis is a straightforward one that is also economical and kind to the environment. Cinnamon, red chili pepper, turmeric, and black pepper are examples of popular spices that have been the subject of extensive research due to the long-standing belief that they possess therapeutic qualities (Das et al., 2018b). For example, piperine, a key chemical ingredient that may be found in black pepper, has been demonstrated to have anti-inflammatory benefits, as well as anti-angiogenic and anti-arthritic effects. Using a one-pot green hydrothermal approach, one piece of research reported the successful synthesis of aqueous fluorescent C-dots from cinnamon, red chili, turmeric, and black pepper (Vasimalai et al., 2018). Various toxicological effects are exhibited by the C-dots in accordance with the particular source that was used for the synthesis. Incubating tumour cells with these C-dots can reduce tumour development. A previously unreported discovery of this fundamental nature provides a promising new avenue for investigating potential medicinal applications.
Repairing the blood-brain barrier (BBB) after traumatic brain injury (TBI) is an ongoing multi-faceted problem. Luo et al. described an unique and non-toxic functional negatively-charged carbon dots (CDs) that were created from green Semen pruni persicae and Carthamus tinctorius L. (TH-CDs) using a hydrothermal biosynthesis without the use of any organic solvent (Luo et al., 2022). Through the injection of TH-CDs into the tail vein of mouse models, it was possible to enhance neurological function, brain edema, neuronal damage, and the permeability of the BBB without causing systemic toxicity. This research showed an affordable, environmentally friendly, non-toxic, and intravenous functioning TH-CD that might be a feasible therapy option for traumatic brain injury (TBI).
A team of researchers found and analyzed the compounds known as Aurantii fructus immaturus carbonisata (AFIC)-CDs, and then studied the bioactivities of these compounds. They evaluated the anti-gouty arthritis and anti-hyperuricemia activities of AFIC-CDs, as well as investigated the probable mechanisms underlying these activities (Wang et al., 2019). This study provided further evidence that the newly discovered AFIC-CDs successfully decreased hyperuricemia by inhibiting the activities of XOD in both blood and hepatic tissue.
The identification of iodide ions has thus far been accomplished by the use of various fluorescence detectors that are based on CDs. The iodine ion is one of the most essential anions found in living creatures. It plays a crucial role in the production of thyroid hormones, which makes it one of the most important anions overall. A number of thyroid illnesses, including goitre, cretinism, hypothyroidism, autoimmune thyroid diseases, and even an increase in the risk of thyroid cancer, have been linked to iodine shortage and iodine excess, respectively (Liu J. et al., 2019). Since the human body is unable to produce iodine on its own, the human body must obtain it from other sources, most often drinking water and a wide variety of foods. Curcumin is a yellow-orange polyphenol chemical that is obtained from the rhizome of the plant Curcuma longa L. Curcumin has been utilized in several applications, including as a flavor and organic colouring agent, as well as in food additives, cosmetics, and traditional Chinese medicine. Furthermore, an excessive amount of curcumin can render DNA inactive, bring about a drop in the amount of ATP found inside cells, and set off the necrosis process in tissues. A multi-mechanism recognition for iodide and curcumin in actual complicated biological and dietary samples was achieved by Tang et al. using nitrogen-doped fluorescent carbon dots (NCDs) (Tang et al., 2021). The NCDs that were synthesized may also be employed as a fluorescence quenched sensor for the detection of curcumin. This sensor is based on the synergistic internal filtering effect (IFE) and static quenching, and it has a reasonable detection limit of 29.8 nM and a good linear range of 0.1–20 μM. According to these findings, carbon dots have the potential to be used as sensing materials for the detection of iodine and curcumin, both of which are beneficial to human health.
Even though it has been demonstrated that ligand fishing is an effective method for the identification of bioactive components from complicated mixtures like those found in natural goods, this method cannot be used to the analysis of biological images. To fish Hsp90 ligands, a Hsp90 coated silica-InP/ZnS QDs nanoparticles were shown (Hu et al., 2018). It is focused on selective separation of ligands by the use of Hsp90 MSN-QDs conjugates, followed by further analysis through HPLC/MS and GC-MS. The method offers a platform that is both quick and reliable for the discovery of compounds with biological activity.
Liu et al. reported their attention on a newly discovered chemical known as Phellodendri Cortex Carbonisatus-carbon dots (PCC-CDs). These carbon dots were found in the PCC aqueous extract but were not present in the crude herb itself. We succeeded in isolating and naming previously unknown PCC-CDs (Liu et al., 2018a). Both the mouse tail amputee and the liver scratched models were utilized in order to investigate the hemostatic impact that PCC-CDs had. In all injury scenarios, the application of PCC-CDs resulted in a considerable reduction in the amount of time spent bleeding.
Jian et al. came up with a one-step process to synthesis carbon quantum dots (CQDPAs) from biogenic polyamines (PAs) in order to use them as an antimicrobial agent for the external treatment of bacterial keratitis (BK) (Jian et al., 2017). Infectious keratitis is brought on by inflammation of the cornea, which is brought on by microbial infections brought on by bacteria, viruses, fungus, or parasites. These illnesses can cause infectious keratitis. CQDs that are produced by the straight decomposition of spermidine (Spd) powder using a straightforward process including dry heating have a solubility and yield that is significantly greater than those produced from putrescine and spermine (Figure 6). They discovered that the super-cationic property of CQDSpds (ζ-potential of about +45 mV) can stimulate the loosening of the tight connection between ocular epithelial cells. Moreover, the topical administration of CQDSpds as a medicine demonstrates substantially greater efficacy in the treatment of BK compared to Ag NPs. This is because super-cationic CQDSpds-induced relaxation of the vascular endothelium of corneal epithelial cells for its paracellular transport.
[image: Figure 6]FIGURE 6 | Schematic of one-step dry heating synthesis of CQDSpds from spermidine and their treatment for S. aureus-induced bacterial Keratitis (Jian et al., 2017).
Mangifera indica (mango) leaf ethanolic extracts were used in a facile one-pot microwave-assisted green synthesis process reported by Kumawat et al. for the creation of brilliant red-luminescent graphene quantum dots (GQDs) (Kumawat et al., 2017). Even at high concentrations (0.1 mg/mL) 24 h after treatment, these mGQDs were shown to have outstanding biocompatibility and demonstrated 100% cellular absorption on L929 cells (Figure 7). Additionally, it was established that the mGQDs may function as NIR-responsive fluorescent bioimaging probes. These probes self-localize themselves specifically within the cytoplasm of the cell. Because of its superior biocompatibility and photostability, mGQDs served as a promising candidate for near-infrared imaging and temperature sensing of living cells in vitro. This was achieved by using the mGQDs. According to the findings of research on how changes in temperature affect the fluorescence of tissue, the intensity of the tissue’s fluorescence is greater when the temperature is lower (Figure 8). At a temperature of 25°C, the mGQDs that had been internalized in L929 cells displayed a bright fluorescence. However, this fluorescence steadily diminished when the temperature was increased up to 45°C. The fact that the fluorescence intensity can be reduced by as much as 95% in response to a temperature change of only 20°C suggests that it can be utilized to identify even the most subtle of temperature shifts inside the cellular environment.
[image: Figure 7]FIGURE 7 | Intracellular mGQDs in DAPI-stained L929 cells. (A) Optical slice with x-, y-axes and projections of x-, z-and y-, z-axes of L929 cells; (B) 2.5D imaging and (C,D) 3D intracellular imaging exhibiting localization signals from DAPI-stained nuclei and mGQD-stained cytoplasm (Kumawat et al., 2017).
[image: Figure 8]FIGURE 8 | L929 cells with 0.1 mg/mL mGQDs for intracellular temperature sensing. Using CLSM’s temperature controller, a typical area was heated to 25 to 45°C (Kumawat et al., 2017).
Multiple light source procedures, including those involving lasers and LEDs, have undergone continuous development for the purpose of incorporation into medical protocols. These functions are made possible due to the fact that they may cause photochemical reactions to take place on a cellular level. The practice of using light as a medical therapy has gained popularity in recent years due to the fact that it is both non-invasive and non-toxic (Yin et al., 2015). Carbon dots have shown promise as a potential use in the fight against many kinds of corona viruses. In areas of biomedicine other than treatment, such as biosensing, bioimaging, and so on, there has been a significant amount of study on carbon dots. When compared to alternative nanoparticulate therapeutic delivery methods, carbon dots stand out as the most excellent option due to their surface functionalization and minimal toxicity. In the not too distant future, the creation of biocompatible nanotherapeutics for addressing infectious diseases may continue to use these functionalized carbon dots as a new stage in the process.
7 SUMMARY AND FUTURE OUTLOOK
The application of nanotechnology in the delivery of herbal medicines has the potential to improve the medicines’ biological activity and contribute to the solution of problems that are often associated with the consumption of herbal medicines. Despite this, there is still a great deal of challenges to be conquered before it will be possible to implement clinically effective treatments in this field. The use of these technologies in therapeutic contexts is now plagued by a number of challenges, one of which is the evaluation of novel approaches to the management of the interactions of nanoparticles with biological beings. In order for nanopharmacology and treatments to be successful, there are a number of challenges that need to be surmounted, some of the most prominent of which are the wide range of created nanomaterials and the extensive number of potential side effects. In a nutshell, the purpose of this review was to highlight the potential variety of QDs, as well as their naturally plentiful resources and their uses in the field of herbal therapy. The first portion covered not only the quantum dots’ optical properties and surface polarities, which are crucial to know in order to put into practice their real mode of action, but also the quantum dots’ physical characteristics, which were covered in the previous section. The globalization of both commerce and the market has made it feasible for many kinds of herbal supplements to be combined into a single product across the world. At the present time, herbal medicines and other products associated with herbal medicine that are available for purchase on markets all over the world are derived from plants that are native to either China, India, the Middle East, or the Western world. It is anticipated that the efficacy and useful applicability of natural goods and herbal therapies that are administered in conjunction with the nanocarrier will result in an increase in the significance of preexisting drug delivery systems. These natural remedies and herbal treatments are given in combination with the nanocarrier.
Herbal medicine as a precursor is receiving a growing amount of attention as a result of the substantial growth in the number of raw material options that are available for the synthesis of QDs. QDs obtained from herbal medicine (also known as HM-QDs) are the most recent member to be added to the family of QDs when compared to other types of biomass precursors. In the last 10 years, a vast number of studies have shown that HM-QDs have a tendency to be effective at theranostics even when drug loading is not performed. QDs have been of crucial significance to the field of bio-nanotechnology throughout the course of the past 10 years. Researchers had envisioned a wide range of uses for QDs, many of which are not achievable with organic fluorophores due to the one-of-a-kind and aesthetically pleasing emission that they produce. In addition to QDs, additional nanostructures, such as metallic and carbon-based nanoparticles, were introduced to the mixture as precursors. These nanostructures have the potential to speed up biological research that is both basic and applied. The incorporation of nanostructures into analytical instruments will be one of the other areas of study that will converge. Multiplexing, or the screening of vast quantities of proteins and genes concurrently, would be an appropriate capability for such devices, along with single-molecule detection (the ultimate level of detection). In addition, multimodal imaging probes and detection systems should both be topics of greater attention. Already, QDs have been incorporated into bimodal imaging probes. These probes combine the light microscopy capabilities of QDs with the magnetic resonance imaging (MRI) and electron microscopy (EM) modalities. There is a wide variety of potential uses for this technology, ranging from the clinical detection of HIV to the screening of agricultural illnesses to the monitoring of pharmacological compounds in living organisms.
AUTHOR CONTRIBUTIONS
Conceptualization, MB, RS, and HM; methodology, MB, RS, and HM; software, MB, RS, HM, RR, AB, and MS; validation, MB, RS, MZ, HM, RR, AB, and MS; formal analysis, AK, SP, FS, SK, and TE; investigation, MB, RS, MZ, HM, RR, AB, and MS; resources, MB, RS, HM, RR, AB, and MS; data curation, MB, RS, HM, RR, AB, and MS; writing—original draft preparation, MB, RS, HM, RR, AB, and MS; writing—review and editing, AK, SP, MZ, FS, SK, K-TC, and TE; visualization, AK, SP, FS, SK, K-TC, and TE; project administration, AK, SP, FS, SK, K-TC, and TE; funding acquisition, K-TC and TE. All authors have read and agreed to the published version of the manuscript.
FUNDING
This study was supported by a (Grant No. RA112001) from the Tainan Municipal Hospital (managed by Show Chwan Medical Care Corporation), Tainan, Taiwan.
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
 Ahmed, S. R., Cha, H. R., Park, J. Y., Park, E. Y., Lee, D., and Lee, J. (2012a). Photoluminescence enhancement of quantum dots on Ag nanoneedles. Nanoscale Res. Lett. 7, 438. doi:10.1186/1556-276X-7-438
 Ahmed, S. R., Cirone, J., and Chen, A. (2019). Fluorescent Fe3O4 quantum dots for H2O2 detection. ACS Appl. Nano Mat. 2, 2076–2085. doi:10.1021/acsanm.9b00071
 Ahmed, S. R., Hossain, M. A., Park, J. Y., Kim, S. H., Lee, D., Suzuki, T., et al. (2014). Metal enhanced fluorescence on nanoporous gold leaf-based assay platform for virus detection. Biosens. Bioelectron. 58, 33–39. doi:10.1016/j.bios.2014.02.039
 Ahmed, S. R., Kang, S. W., Oh, S., Lee, J., and Neethirajan, S. (2018a). Chiral zirconium quantum dots: A new class of nanocrystals for optical detection of coronavirus. Heliyon 4, e00766. doi:10.1016/j.heliyon.2018.e00766
 Ahmed, S. R., Koh, K., Kang, N. L., and Lee, J. (2012b). Highly sensitive fluorescent probes for the quantitative determination of singlet oxygen (1O 2). Bull. Korean Chem. Soc. 33, 1608–1612. doi:10.5012/bkcs.2012.33.5.1608
 Ahmed, S. R., Mogus, J., Chand, R., Nagy, E., and Neethirajan, S. (2018b). Optoelectronic fowl adenovirus detection based on local electric field enhancement on graphene quantum dots and gold nanobundle hybrid. Biosens. Bioelectron. 103, 45–53. doi:10.1016/j.bios.2017.12.028
 Bacon, M., Bradley, S. J., and Nann, T. (2014). Graphene quantum dots. Part. Part. Syst. Charact. 31, 415–428. doi:10.1002/ppsc.201300252
 Baig, M. S., Haque, M. A., Konatham, T. K. R., Mohammad, B. D., Yahya, B. A., Saffiruddin, S. S., et al. (2022). Recent advancements in hyperthermia-driven controlled drug deliveryfrom nanotherapeutics. Recent Adv. Drug Deliv. Formul. 16, 270–286. doi:10.2174/2667387816666220902091043
 Bak, S., Kim, D., and Lee, H. (2016). Graphene quantum dots and their possible energy applications: A review. Curr. Appl. Phys. 16, 1192–1201. doi:10.1016/j.cap.2016.03.026
 Barkat, M. A., HarshitaDas, S. S., Beg, S., and Ahmad, F. J. (2020). Nanotechnology-based phytotherapeutics: Current status and challenges. Nanophytomedicine , 1–17. doi:10.1007/978-981-15-4909-0_1
 Bhattacharyya, S. K., Dule, M., Paul, R., Dash, J., Anas, M., Mandal, T. K., et al. (2020). Carbon dot cross-linked gelatin nanocomposite hydrogel for pH-sensing and pH-responsive drug delivery. ACS Biomater. Sci. Eng. 6, 5662–5674. doi:10.1021/acsbiomaterials.0c00982
 Brigger, I., Dubernet, C., and Couvreur, P. (2012). Nanoparticles in cancer therapy and diagnosis. Adv. Drug Deliv. Rev. 64, 24–36. doi:10.1016/j.addr.2012.09.006
 Chan, W. C. W., Maxwell, D. J., Gao, X., Bailey, R. E., Han, M., and Nie, S. (2002). Luminescent quantum dots for multiplexed biological detection and imaging. Curr. Opin. Biotechnol. 13, 40–46. doi:10.1016/S0958-1669(02)00282-3
 Chen, Y., He, M., Peng, J., Sun, Y., and Liang, Z. (2016). Structure and growth control of organic-inorganic halide perovskites for optoelectronics: From polycrystalline films to single crystals. Adv. Sci. 4/2016 Adv. Sci. 3, 1500392. doi:10.1002/advs.201500392
 Chinnathambi, S., Chen, S., Ganesan, S., and Hanagata, N. (2014). Silicon quantum dots for biological applications. Adv. Healthc. Mat. 3, 10–29. doi:10.1002/adhm.201300157
 Cho, K., Wang, X., Nie, S., Chen, Z., and Shin, D. M. (2008). Therapeutic nanoparticles for drug delivery in cancer. Clin. Cancer Res. 14, 1310–1316. doi:10.1158/1078-0432.CCR-07-1441
 Das, P., Bose, M., Das, A. K., Banerjee, S., and Das, N. C. (2018a). One-step synthesis of fluorescent carbon dots for bio-labeling assay. Macromol. Symp. 382, 1800077. doi:10.1002/masy.201800077
 Das, P., Ganguly, S., Agarwal, T., Maity, P., Ghosh, S., Choudhary, S., et al. (2019a). Heteroatom doped blue luminescent carbon dots as a nano-probe for targeted cell labeling and anticancer drug delivery vehicle. Mat. Chem. Phys. 237, 121860. doi:10.1016/j.matchemphys.2019.121860
 Das, P., Ganguly, S., Banerjee, S., and Das, N. C. (2019b). Graphene based emergent nanolights: A short review on the synthesis, properties and application. Res. Chem. Intermed. 45, 3823–3853. doi:10.1007/s11164-019-03823-2
 Das, P., Ganguly, S., Margel, S., and Gedanken, A. (2021a). Immobilization of heteroatom-doped carbon dots onto nonpolar plastics for antifogging, antioxidant, and food monitoring applications. Langmuir 37, 3508–3520. doi:10.1021/acs.langmuir.1c00471
 Das, P., Ganguly, S., Margel, S., and Gedanken, A. (2021b). Tailor made magnetic nanolights: Fabrication to cancer theranostics applications. Nanoscale Adv. 3, 6762–6796. doi:10.1039/d1na00447f
 Das, P., Ganguly, S., Mondal, S., Bose, M., Das, A. K., Banerjee, S., et al. (2018b). Heteroatom doped photoluminescent carbon dots for sensitive detection of acetone in human fluids. Sensors Actuators, B Chem. 266, 583–593. doi:10.1016/j.snb.2018.03.183
 Das, P., Ganguly, S., Saha, A., Noked, M., Margel, S., and Gedanken, A. (2021c). Carbon-dots-initiated photopolymerization: An in situ synthetic approach for MXene/poly(norepinephrine)/copper hybrid and its application for mitigating water pollution. ACS Appl. Mat. Interfaces 13, 31038–31050. doi:10.1021/acsami.1c08111
 Das, P., Ganguly, S., Saravanan, A., Margel, S., Gedanken, A., Srinivasan, S., et al. (2022). Naturally derived carbon dots in situ confined self-healing and breathable hydrogel monolith for anomalous diffusion-driven phytomedicine release. ACS Appl. Bio Mat. 5, 5617–5633. doi:10.1021/acsabm.2c00664
 Das, P., Maity, P. P., Ganguly, S., Ghosh, S., Baral, J., Bose, M., et al. (2019c). Biocompatible carbon dots derived from κ-carrageenan and phenyl boronic acid for dual modality sensing platform of sugar and its anti-diabetic drug release behavior. Int. J. Biol. Macromol. 132, 316–329. doi:10.1016/j.ijbiomac.2019.03.224
 Das, P., Maruthapandi, M., Saravanan, A., Natan, M., Jacobi, G., Banin, E., et al. (2020). Carbon dots for heavy-metal sensing, pH-sensitive cargo delivery, and antibacterial applications. ACS Appl. Nano Mat. 3, 11777–11790. doi:10.1021/acsanm.0c02305
 Das, S., and Sharangi, A. B. (2020). Nanotechnology: A potential tool in exploring herbal benefits. Nanotechnol. Life Sci. 2020, 27–46. doi:10.1007/978-3-030-41464-1_2
 Ekimov, A. I., Hache, F., Schanne-Klein, M. C., Ricard, D., Flytzanis, C., Kudryavtsev, I. A., et al. (1994). Absorption and intensity-dependent photoluminescence measurements on CdSe quantum dots: Assignment of the first electronic transitions: Erratum. J. Opt. Soc. Am. B 11, 524. doi:10.1364/josab.11.000524
 Fu, Y., Jiang, W., Kim, D., Lee, W., and Chae, H. (2018). Highly efficient and fully solution-processed inverted light-emitting diodes with charge control interlayers. ACS Appl. Mat. Interfaces 10, 17295–17300. doi:10.1021/acsami.8b05092
 Ganguly, S., Das, P., Banerjee, S., and Das, N. C. (2019). Advancement in science and technology of carbon dot-polymer hybrid composites: A review. Funct. Compos. Struct. 1, 022001. doi:10.1088/2631-6331/ab0c80
 Ganguly, S., Das, P., and Margel, S. (2022). Containers for drug delivery. Micro- Nano-containers Smart Appl. 2022, 127–153. doi:10.1007/978-981-16-8146-2_6
 Ganguly, S., and Margel, S. (2021). Design of magnetic hydrogels for hyperthermia and drug delivery. Polym. (Basel) 13, 4259. doi:10.3390/polym13234259
 Ganguly, S., NeelamGrinberg, I., and Margel, S. (2021). Layer by layer controlled synthesis at room temperature of tri-modal (MRI, fluorescence and CT) core/shell superparamagnetic IO/human serum albumin nanoparticles for diagnostic applications. Polym. Adv. Technol. 32, 3909–3921. doi:10.1002/pat.5344
 Gao, N., Huang, L., Li, T., Song, J., Hu, H., Liu, Y., et al. (2020). Application of carbon dots in dye-sensitized solar cells: A review. J. Appl. Polym. Sci. 137, 48443. doi:10.1002/app.48443
 Green, M. (2010). The nature of quantum dot capping ligands. J. Mat. Chem. 20, 5797–5809. doi:10.1039/c0jm00007h
 Hosseinpour-Mashkani, S. S., and Sobhani-Nasab, A. (2017). Investigation the effect of temperature and polymeric capping agents on the size and photocatalytic properties of NdVO4 nanoparticles. J. Mat. Sci. Mat. Electron. 28, 16459–16466. doi:10.1007/s10854-017-7557-3
 Hu, Y., Fu, A., Miao, Z., Zhang, X., Wang, T., Kang, A., et al. (2018). Fluorescent ligand fishing combination with in-situ imaging and characterizing to screen Hsp 90 inhibitors from Curcuma longa L. based on InP/ZnS quantum dots embedded mesoporous nanoparticles. Talanta 178, 258–267. doi:10.1016/j.talanta.2017.09.035
 Hu, Z., Yang, X., Ho, P. C. L., Sui, Y. C., Heng, P. W. S., Chan, E., et al. (2005). Herb-drug interactions: A literature review. Drugs 65, 1239–1282. doi:10.2165/00003495-200565090-00005
 Huang, S., Li, Z., Wang, B., Zhu, N., Zhang, C., Kong, L., et al. (2017). Morphology evolution and degradation of CsPbBr3 nanocrystals under blue light-emitting diode illumination. ACS Appl. Mat. Interfaces 9, 7249–7258. doi:10.1021/acsami.6b14423
 Hui, Y., Yi, X., Hou, F., Wibowo, D., Zhang, F., Zhao, D., et al. (2019). Role of nanoparticle mechanical properties in cancer drug delivery. ACS Nano 13, 7410–7424. doi:10.1021/acsnano.9b03924
 Jamieson, T., Bakhshi, R., Petrova, D., Pocock, R., Imani, M., and Seifalian, A. M. (2007). Biological applications of quantum dots. Biomaterials 28, 4717–4732. doi:10.1016/j.biomaterials.2007.07.014
 Jian, H. J., Wu, R. S., Lin, T. Y., Li, Y. J., Lin, H. J., Harroun, S. G., et al. (2017). Super-cationic carbon quantum dots synthesized from spermidine as an eye drop formulation for topical treatment of bacterial keratitis. ACS Nano 11, 6703–6716. doi:10.1021/acsnano.7b01023
 Karakoti, A. S., Shukla, R., Shanker, R., and Singh, S. (2015). Surface functionalization of quantum dots for biological applications. Adv. Colloid Interface Sci. 215, 28–45. doi:10.1016/j.cis.2014.11.004
 Kaur, A., Kaur, L., Singh, G., Dhawan, R. K., and Mahajan, A. (2021). Nanotechnology-based herbal formulations: A survey of recent patents, advancements, and transformative headways. Recent Pat. Nanotechnol. 16, 295–307. doi:10.2174/1872210515666210428135343
 Kaur, M., Sudhakar, K., and Mishra, V. (2019). Fabrication and biomedical potential of nanogels: An overview. Int. J. Polym. Mat. Polym. Biomater. 68, 287–296. doi:10.1080/00914037.2018.1445629
 Kharisov, B. I., Dias, H. V. R., Kharissova, O. V., Vázquez, A., Peña, Y., and Gómez, I. (2014). Solubilization, dispersion and stabilization of magnetic nanoparticles in water and non-Aqueous solvents: Recent trends. RSC Adv. 4, 45354–45381. doi:10.1039/c4ra06902a
 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 Mat. 4, 4284–4306. doi:10.1021/acsanm.1c00852
 Kim, S., Hwang, S. W., Kim, M. K., Shin, D. Y., Shin, D. H., Kim, C. O., et al. (2012). Anomalous behaviors of visible luminescence from graphene quantum dots: Interplay between size and shape. ACS Nano 6, 8203–8208. doi:10.1021/nn302878r
 Koole, R., Mulder, W. J. M., Van Schooneveld, M. M., Strijkers, G. J., Meijerink, A., and Nicolay, K. (2009). Magnetic quantum dots for multimodal imaging. Wiley Interdiscip. Rev. Nanomedicine Nanobiotechnology 1, 475–491. doi:10.1002/wnan.14
 Kumawat, M. K., Srivastava, R., Thakur, M., and Gurung, R. B. (2017). Graphene quantum dots from mangifera indica: Application in near-infrared bioimaging and intracellular nanothermometry. ACS Sustain. Chem. Eng. 5, 1382–1391. doi:10.1021/acssuschemeng.6b01893
 Lee, J., Kim, J., Ahmed, S. R., Zhou, H., Kim, J. M., and Lee, J. (2014). Plasmon-induced photoluminescence immunoassay for tuberculosis monitoring using gold-nanoparticle-decorated graphene. ACS Appl. Mat. Interfaces 6, 21380–21388. doi:10.1021/am506389m
 Li, Z., Tan, S., Li, S., Shen, Q., and Wang, K. (2017). Cancer drug delivery in the nano era: An overview and perspectives (Review). Oncol. Rep. 38, 611–624. doi:10.3892/or.2017.5718
 Lin, X., Yang, Y., Nian, L., Su, H., Ou, J., Yuan, Z., et al. (2016). Interfacial modification layers based on carbon dots for efficient inverted polymer solar cells exceeding 10% power conversion efficiency. Nano Energy 26, 216–223. doi:10.1016/j.nanoen.2016.05.011
 Liu, H., Wang, X., Wang, H., and Nie, R. (2019a). Synthesis and biomedical applications of graphitic carbon nitride quantum dots. J. Mat. Chem. B 7, 5432–5448. doi:10.1039/c9tb01410a
 Liu, J., Liu, L., Jia, Q., Zhang, X., Jin, X., and Shen, H. (2019b). Effects of excessive iodine intake on blood glucose, blood pressure, and blood lipids in adults. Biol. Trace Elem. Res. 192, 136–144. doi:10.1007/s12011-019-01668-9
 Liu, X., Wang, Y., Yan, X., Zhang, M., Zhang, Y., Cheng, J., et al. (2018a). Novel Phellodendri Cortex (Huang Bo)-derived carbon dots and their hemostatic effect. Nanomedicine 13, 391–405. doi:10.2217/nnm-2017-0297
 Liu, Y., Ai, K., Yuan, Q., and Lu, L. (2011). Fluorescence-enhanced gadolinium-doped zinc oxide quantum dots for magnetic resonance and fluorescence imaging. Biomaterials 32, 1185–1192. doi:10.1016/j.biomaterials.2010.10.022
 Liu, Z., Zou, H., Wang, N., Yang, T., Peng, Z., Wang, J., et al. (2018b). Photoluminescence of carbon quantum dots: Coarsely adjusted by quantum confinement effects and finely by surface trap states. Sci. China Chem. 61, 490–496. doi:10.1007/s11426-017-9172-0
 Luo, W., Zhang, L., Li, X., Zheng, J., Chen, Q., Yang, Z., et al. (2022). Green functional carbon dots derived from herbal medicine ameliorate blood—Brain barrier permeability following traumatic brain injury. Nano Res. 15, 9274–9285. doi:10.1007/s12274-022-4616-8
 Mitchell, M. J., Billingsley, M. M., Haley, R. M., Wechsler, M. E., Peppas, N. A., and Langer, R. (2021). Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug Discov. 20, 101–124. doi:10.1038/s41573-020-0090-8
 Möltgen, C. V., Herdling, T., and Reich, G. (2013). A novel multivariate approach using science-based calibration for direct coating thickness determination in real-time NIR process monitoring. Eur. J. Pharm. Biopharm. 85, 1056–1063. doi:10.1016/j.ejpb.2013.09.011
 Musthaba, S. M., Baboota, S., Ahmed, S., Ahuja, A., and Ali, J. (2009). Status of novel drug delivery technology for phytotherapeutics. Expert Opin. Drug Deliv. 6, 625–637. doi:10.1517/17425240902980154
 Parameswaranpillai, J., and Ganguly, S. (2023). Introduction to polymer composite-based sensors. Polym. Nanocomposite Mater. Sens. Appl. 2023, 1–21. doi:10.1016/B978-0-323-98830-8.00006-0
 Pechstedt, K., Whittle, T., Baumberg, J., and Melvin, T. (2010). Photoluminescence of colloidal CdSe/ZnS quantum dots: The critical effect of water molecules. J. Phys. Chem. C 114, 12069–12077. doi:10.1021/jp100415k
 Peng, J., Gao, W., Gupta, B. K., Liu, Z., Romero-Aburto, R., Ge, L., et al. (2012). Graphene quantum dots derived from carbon fibers. Nano Lett. 12, 844–849. doi:10.1021/nl2038979
 Rahimi-Nasrabadi, M., Behpour, M., Sobhani-Nasab, A., and Jeddy, M. R. (2016). Nanocrystalline Ce-doped copper ferrite: Synthesis, characterization, and its photocatalyst application. J. Mat. Sci. Mat. Electron. 27, 11691–11697. doi:10.1007/s10854-016-5305-8
 Rossetti, R., Nakahara, S., and Brus, L. E. (1983). Quantum size effects in the redox potentials, resonance Raman spectra, and electronic spectra of CdS crystallites in aqueous solution. J. Chem. Phys. 79, 1086–1088. doi:10.1063/1.445834
 Saravanan, A., Maruthapandi, M., Das, P., Ganguly, S., Margel, S., Luong, J. H. T., et al. (2020). Applications of N-doped carbon dots as antimicrobial agents, antibiotic carriers, and selective fluorescent probes for nitro explosives. ACS Appl. Bio Mat. 3, 8023–8031. doi:10.1021/acsabm.0c01104
 Semalty, A., Semalty, M., Rawat, M. S. M., and Franceschi, F. (2010). Supramolecular phospholipids-polyphenolics interactions: The PHYTOSOME ® strategy to improve the bioavailability of phytochemicals. Fitoterapia 81, 306–314. doi:10.1016/j.fitote.2009.11.001
 Shaikh, S. C., Saboo, S. G., Tandale, P. S., Memon, F. S., Tayade, S. D., Haque, M. A., et al. (2021). Pharmaceutical and biopharmaceutical aspects of quantum dots-an overview. Int. J. Appl. Pharm. 13, 44–53. doi:10.22159/ijap.2021v13i5.41623
 Singh, S., Sharma, A., and Robertson, G. P. (2012). Realizing the clinical potential of cancer nanotechnology by minimizing toxicologic and targeted delivery concerns. Cancer Res. 72, 5663–5668. doi:10.1158/0008-5472.CAN-12-1527
 Song, Z., Lin, T., Lin, L., Lin, S., Fu, F., Wang, X., et al. (2016). Invisible security ink based on water-soluble graphitic carbon nitride quantum dots. Angew. Chem. - Int. Ed. 55, 2773–2777. doi:10.1002/anie.201510945
 Sungthongjeen, S., Pitaksuteepong, T., Somsiri, A., and Sriamornsak, P. (1999). Studies on pectins as potential hydrogel matrices for controlled-release drug delivery. Drug Dev. Ind. Pharm. 25, 1271–1276. doi:10.1081/DDC-100102298
 Tang, X., Yu, H., Bui, B., Wang, L., Xing, C., Wang, S., et al. (2021). Nitrogen-doped fluorescence carbon dots as multi-mechanism detection for iodide and curcumin in biological and food samples. Bioact. Mat. 6, 1541–1554. doi:10.1016/j.bioactmat.2020.11.006
 Thanh, N. T. K., and Green, L. A. W. (2010). Functionalisation of nanoparticles for biomedical applications. Nano Today 5, 213–230. doi:10.1016/j.nantod.2010.05.003
 Truong, N. P., Whittaker, M. R., Mak, C. W., and Davis, T. P. (2015). The importance of nanoparticle shape in cancer drug delivery. Expert Opin. Drug Deliv. 12, 129–142. doi:10.1517/17425247.2014.950564
 Valizadeh, A., Mikaeili, H., Samiei, M., Farkhani, S. M., Zarghami, N., Kouhi, M., et al. (2012). Quantum dots: Synthesis, bioapplications, and toxicity. Nanoscale Res. Lett. 7, 480. doi:10.1186/1556-276X-7-480
 Vasimalai, N., Vilas-Boas, V., Gallo, J., Cerqueira, M. de F., Menéndez-Miranda, M., Costa-Fernández, J. M., et al. (2018). Green synthesis of fluorescent carbon dots from spices for in vitro imaging and tumour cell growth inhibition. Beilstein J. Nanotechnol. 9, 530–544. doi:10.3762/bjnano.9.51
 Wang, H., Sun, P., Cong, S., Wu, J., Gao, L., Wang, Y., et al. (2016). Nitrogen-doped carbon dots for “green” quantum dot solar cells. Nanoscale Res. Lett. 11, 27. doi:10.1186/s11671-016-1231-1
 Wang, L., Lin, J., Hu, Y., Guo, X., Lv, Y., Tang, Z., et al. (2017). Blue quantum dot light-emitting diodes with high electroluminescent efficiency. ACS Appl. Mat. Interfaces 9, 38755–38760. doi:10.1021/acsami.7b10785
 Wang, M., Shi, R., Gao, M., Zhang, K., Deng, L., Fu, Q., et al. (2020). Sensitivity fluorescent switching sensor for Cr (VI) and ascorbic acid detection based on orange peels-derived carbon dots modified with EDTA. Food Chem. 318, 126506. doi:10.1016/j.foodchem.2020.126506
 Wang, S., Zhang, Y., Kong, H., Zhang, M., Cheng, J., Wang, X., et al. (2019). Antihyperuricemic and anti-gouty arthritis activities of Aurantii fructus immaturus carbonisata-derived carbon dots. Nanomedicine 14, 2925–2939. doi:10.2217/nnm-2019-0255
 Wang, Z. G., Liu, S. L., and Pang, D. W. (2021). Quantum dots: A promising fluorescent label for probing virus trafficking. Acc. Chem. Res. 54, 2991–3002. doi:10.1021/acs.accounts.1c00276
 Warner, J. H., Hoshino, A., Yamamoto, K., and Tilley, R. D. (2005). Water-soluble photoluminescent silicon quantum dots. Angew. Chem. - Int. Ed. 44, 4550–4554. doi:10.1002/anie.200501256
 Watanabe, C. M. H., Wolffram, S., Ader, P., Rimbach, G., Packer, L., Maguire, J. J., et al. (2001). The in vivo neuromodulatory effects of the herbal medicine Ginkgo biloba. Proc. Natl. Acad. Sci. U. S. A. 98, 6577–6580. doi:10.1073/pnas.111126298
 Xu, L., Li, J., Li, L., Luo, Z., Xiang, Y., Deng, W., et al. (2021). Carbon dots evoked Li ion dynamics for solid state battery. Small 17, e2102978. doi:10.1002/smll.202102978
 Yao, J., Yang, M., and Duan, Y. (2014). Chemistry, biology, and medicine of fluorescent nanomaterials and related systems: New insights into biosensing, bioimaging, genomics, diagnostics, and therapy. Chem. Rev. 114, 6130–6178. doi:10.1021/cr200359p
 Yin, R., Agrawal, T., Khan, U., Gupta, G. K., Rai, V., Huang, Y. Y., et al. (2015). Antimicrobial photodynamic inactivation in nanomedicine: Small light strides against bad bugs. Nanomedicine 10, 2379–2404. doi:10.2217/nnm.15.67
 Yin, X., Zhi, C., Sun, W., Lv, L. P., and Wang, Y. (2019). Multilayer NiO@Co3O4@graphene quantum dots hollow spheres for high-performance lithium-ion batteries and supercapacitors. J. Mat. Chem. A 7, 7800–7814. doi:10.1039/c8ta11982a
 You, J., Hong, Z., Song, T. Bin, Meng, L., Liu, Y., Jiang, C., et al. (2014). Moisture assisted perovskite film growth for high performance solar cells. Appl. Phys. Lett. 105, 183902. doi:10.1063/1.4901510
 Yuan, Y., Zhang, J., An, L., Cao, Q., Deng, Y., and Liang, G. (2014). Oligomeric nanoparticles functionalized with NIR-emitting CdTe/CdS QDs and folate for tumor-targeted imaging. Biomaterials 35, 7881–7886. doi:10.1016/j.biomaterials.2014.05.071
 Zhang, X., Zhang, Y., Wang, Y., Kalytchuk, S., Kershaw, S. V., Wang, Y., et al. (2013). Color-switchable electroluminescence of carbon dot light-emitting diodes. ACS Nano 7, 11234–11241. doi:10.1021/nn405017q
 Zhou, J., Sheng, Z., Han, H., Zou, M., and Li, C. (2012). Facile synthesis of fluorescent carbon dots using watermelon peel as a carbon source. Mat. Lett. 66, 222–224. doi:10.1016/j.matlet.2011.08.081
 Zorman, B., Ramakrishna, M. V., and Friesner, R. A. (1995). Quantum confinement effects in CdSe quantum dots. J. Phys. Chem. 99, 7649–7653. doi:10.1021/j100019a052
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 © 2023 Baig, Suryawanshi, Zehravi, Mahajan, Rana, Banu, Subramanian, Kaundal, Puri, Siddiqui, Sharma, Khan, Chen and Emran. 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/fcell-11-1139671-g005.gif





OPS/images/fcell-11-1139671-g006.gif





OPS/images/fcell-11-1139671-g003.gif
PLintensiy @)

Wavetength (um)

sty i)






OPS/images/fcell-11-1139671-g004.gif





OPS/images/fcell-11-1139671-g007.gif





OPS/images/fcell-11-1139671-g008.gif
Overlay  Intensity profile






OPS/xhtml/nav.xhtml
Contents

		Cover

		Surface decorated quantum dots: Synthesis, properties and role in herbal therapy		1 Introduction

		2 Quantum dots

		3 General properties of QDs

		4 Background of QDs in herbal nanotechnology

		5 Bioinspired QD medication delivery

		6 QDs-based therapeutics

		7 Summary and future outlook

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-11-1139671-g001.gif





OPS/images/fcell-11-1139671-g002.gif
prmesd










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





