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Abstract

:

The existing diagnosis and treatment modalities have major limitations related to their precision and capability to understand several stages of disease development. A superior therapeutic system consists of a multifunctional approach in early diagnosis of the disease with a simultaneous progressive cure, using a precise medical approach towards complex treatment. These challenges can be addressed via nanotheranostics and explore suitable approaches to improve health care. Nanotechnology in combination with theranostics as an unconventional platform paved the way for developing novel strategies and modalities leading to diagnosis and therapy for complex disease conditions, ranging from acute to chronic levels. Among the metal nanoparticles, gold nanoparticles are being widely used for theranostics due to their inherent non-toxic nature and plasmonic properties. The unique optical and chemical properties of plasmonic metal nanoparticles along with theranostics have led to a promising era of plausible early detection of disease conditions, and they enable real-time monitoring with enhanced non-invasive or minimally invasive imaging of several ailments. This review aims to highlight the improvement and advancement brought to nanotheranostics by gold nanoparticles in the past decade. The clinical use of the metal nanoparticles in nanotheranostics is explained, along with the future perspectives on addressing the key applications related to diagnostics and therapeutics, respectively. The scope of gold nanoparticles and their realistic potential to design a sophisticated theranostic system is discussed in detail, along with their implications in clinical advancements which are the needs of the hour. The review concluded with the challenges, opportunities, and implications on translational potential of using gold nanoparticles in nanotheranostics.
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1. Introduction


1.1. Cancer Theranostics: Early Strategies


Cancer is one of the most complex diseases causing millions of deaths every year, against which early detection and treatment require concerted efforts [1]. The existing modalities and approaches are limited to diagnosis and treatments which include chemotherapy, radiation, appropriate surgery, and the use of anti-cancer drugs [2,3]. The availability of adequate resources and advanced technology are not enough to provide proper management of the disease due to certain limitations. The unavailability of an appropriate diagnostic system, among other reasons such as uncertainty of the target, low enhanced permeability and retention effect (EPR), and the lack of an appropriate drug delivery system, and multidrug resistance are the contributing factors [4]. The most prominent roadblock to effective cancer treatment is an early-stage diagnosis. Therefore, in order to enable full-fledged cancer treatment, a novel material or technology is the demand of the hour. The developed material or technology must align with demands such as target specificity and selectivity. Furthermore, the safe design of the material is critical in keeping view of the requirement for reduced biodistribution, and a distant reach of the target. The system or the material developed should be advanced enough—where simultaneous diagnosis and treatment is possible. The simultaneous diagnosis and treatment of a disease condition is called a theranostic approach, which reduces the delay in curing the disease [5]. Currently, theranostic based treatment is being effectively used in neurodegenerative diseases, rheumatoid arthritis, cardiovascular diseases, and bacterial infections [6,7,8,9,10]. Cancer theranostics concomitantly include the identification of new biomarkers for molecular diagnosis: molecular imaging probes; techniques for early detection; molecular imaging-based cancer therapy; nanoplatforms-assisted materials for advanced drug delivery and treatment. Cancer biomarkers significantly indicate the development of cancer through their up-down regulation due to abnormal cellular activity in cancerous cells. Biomarker assessment is the first step in identifying changes in normal metabolic processes, which can be easily evaluated using advanced approaches such as metabolomics, proteomics, genome sequencing, and computational analysis [11]. The information obtained from the biomarker assessment can be used for prescribing personalized medicine based on the level of damage.



In most cases, in vivo imaging methods are preferred following biomarker analysis. The techniques are non-invasive and include magnetic resonance imaging (MRI), positron emission tomography (PET), single-photon emission computed tomography (SPECT), ultrasound imaging (USI), photoacoustic imaging (PAI), and optical imaging (OI). These techniques have their limitations and strengths. For instance, USI is a low-cost technology with higher resolution but lower contrast. MRI has a high penetration capacity and image resolution but has low sensitivity, sluggish imaging speed, and is expensive. PET has excellent sensitivity but low spatial resolution and inadequate ionizing radiation [12]. A similar approach, called image-guided therapy has also been used for the treatment of cancer, either invasively or non-invasively depending on the condition of the lesion. Radiofrequency ablation (tumor destruction by radio waves), microwave ablation (tumor destruction by microwave), cryoablation (by freezing), and chemoembolization (lesion destruction by chemicals) are used simultaneously during image-guided therapy [13]. The existing treatment strategies have limitations which limit the efficient treatment of cancer, leading to recurrence of the disease. However, the recent advances in the theranostic applications using nanotechnology have shown a silver lining in fighting cancer. The early diagnosis led to the proper management of the disease. The term “nanotheranostics” is used specifically for theranostic application involving materials in the nano regime. These nanomaterials/nanoparticles are utilized in simultaneous detection and therapy with high effectiveness and fewer side effects.




1.2. Importance and Properties of Gold Nanostructures


The use of gold in modern medicine flourished from the late 19th century to the early 20th century, during which the treatment regimens showed considerable advancement [14]. Since then, noble metal nanoparticles have received considerable attention in several biological applications such as drug delivery, therapy, imaging, and antimicrobial related applications [15]. Among the noble metals, gold is the most frequently used metal for the synthesis of nanoparticles due to ease of synthesis, surface modification, and superior optical and thermal properties [16]. The properties of gold nanoparticles are highly dependent on their size, shape, and surface chemistry and can be modulated accordingly.



The size and shape of gold nanoparticles are also influenced by synthetic processes such as photochemical, laser ablation, ball milling, sonochemical, wet chemical reduction, and green synthesis [17]. Among the several methods, the wet chemical reduction method has been widely appreciated for developing materials intended for biomedical applications, due to excellent monodispersity and high yield of the product formed. Spherical gold nanoparticles (AuNPs) are the most commonly synthesized materials for targeted drug delivery and efficient drug loading. Gold nanospheres of different sizes are traditionally synthesized by reducing HAuCl4 (gold salt) with various reducing agents at different temperatures and pressures. Trisodium citrate is a commonly used reducing and stabilizing agent capable of synthesizing monodispersed gold nanospheres of different particle sizes by varying the concentration of citrate [18]. In order to synthesize large particles (>50 nm) devoid of irregular shapes, the seed-mediated approach is used in which a preformed seed (<5 nm) is added in the presence of reducing agents such as ascorbic acid, 2-mercaptosuccinic acid, hydroquinone, and hydrogen peroxide [19,20,21,22]. Nevertheless, the use of gold nanospheres is limited in theranostic applications due to their confined absorbance in the visible region. The therapeutic potential of chemically synthesized gold nanoparticles in photothermal therapy, imaging, and biosensing has been recognized for the ability to exhibit absorbance in the near infra-red/infra-red (NIR-IR) region [23,24,25]. Anisotropic nanoparticles, particularly nanorods, have been used more frequently, as compared to other shapes for NIR-IR-based diagnosis and simulation-based drug delivery in cancer therapy [26]. The gold nanorods with high monodispersity were synthesized using a template-directed seed-mediated approach. In the seed-mediated approach, gold seeds are prepared using a strong reducing agent in the presence of cetyl trimethyl ammonium bromide (CTAB) [27]. Prepared seed was added to the reaction mixture known as growth solution, which contains gold salt, silver nitrate, ascorbic acid, and CTAB. The aspect ratio of gold nanorods can be controlled by modulating the reaction parameters, such as the concentration of silver nitrate and the amount of seed [28,29]. Apart from gold nanorods, gold nanoshells are typically made of dielectric core materials (such as silica and polystyrene) that are coated with a thin gold layer. Core materials such as silica and polystyrene are widely used to provide high stability and monodispersity [30]. The dimensions of the core and/or the shell of these core materials can be tailored; typically, the core has a diameter of 100 nm and a thin gold shell of several nanometers (1–20 nm) [31,32]. A common method for preparing gold nanoshells is to modify the core surface with a bifunctional ligand that improves shell coverage. The core surface of silica is modified by 3-aminopropyltriethoxysilane (APS) which contains both ethoxy and amine groups. The ethoxy group binds covalently to the silica surface through the hydroxyl group, whereas the amine group binds to the gold shell surface. Furthermore, bifunctional linkers such as 3-aminopropyltrimethoxysilane (APTMS) and 3-mercaptopropyltrimethoxysilane (MPTMS) are used to modify the silica, resulting in amino- and thiol-functionalized surfaces that can efficiently bind to the gold surface. As a result of aging, the gold binds to the silica core forming the entire shell [33]. However, gold nanocages, that are hollow in nature with controlled pore size on the surface, are synthesized by the galvanic replacement reaction between truncated silver (Ag) nanocubes and gold chloride (HAuCl4) [34]. Silver nanostructures with controlled shapes can be synthesized using the polyol reduction method in which AgNO3 is reduced by ethylene glycol to produce Ag atoms, and followed by the formation of nanocrystals or seeds. Silver nanostructures are used as a precursor and can be galvanically replaced to form gold nanoparticles with hollow structures. The dimensions and thickness of the wall in gold nanocages were controlled by adjusting the molar ratio of Ag to HAuCl4 [34]. However, in the case of synthesizing gold nanoparticles of various shapes, several cappings are used which also provides colloidal stability. In chemical synthesis, sodium borohydride or sodium hydride, sodium citrate, or ascorbic acid act as capping and stabilizing agents for the gold nanoparticles. However, in green synthesis, extracts from plants are used to synthesize nanoparticles. A wide range of reactive compounds found in biomass also participate in the synthesis and stabilization processes. Several studies have reported the green synthesis of highly stable AuNPs [35,36,37]. Furthermore, altering the concentration of gold salt used in the synthesis reaction, as well as the pH and temperature, provides control over the size and shape of gold nanoparticles. The Derjaguin Landau Verwey Overbeek theory (DLVO) described the entire process of metallic nanoparticle stabilization [38,39]. Therefore, nanoparticle stabilization with different cappings such as polymers, surfactants, biomolecules, and proteins is necessary for ensuring the integrity of the nanoparticles’ physicochemical properties [40,41,42].



Gold nanoparticles have generated significant interest owing to their exceptional plasmonic properties. The external laser (incident light) excites a collective and coherent oscillation of conduction electrons near the surface of the gold nanoparticle, and this oscillates with the frequency of incident light, resulting in scattering and spectral absorption called localized surface plasmon resonance (LSPR) [43,44].



Gold nanoparticles exhibit LSPR over a wavelength range of electromagnetic radiation, from Vis to the near-infrared/infrared (NIR/IR) region that is tunable through size-shape modulation of nanoparticles during synthesis [45]. For example, gold nanorods (AuNRs) with greater aspect ratios exhibit a significant red shift in the near-infrared region [46]. Unlike AuNRs, gold nanoshells are highly sensitive to shell thickness, resulting in modulation of their plasmonic properties [47]. The LSPR of AuNPs is highly dependent on the interaction between gold nanoparticles and the supporting substrate due to changes in the refractive index of the surrounding medium. When the local refractive index of the nanoparticles increases, the LSPR frequency decreases and vice versa [48]. In addition, LSPR is used in many techniques but however ultrasmall gold nanoparticles—so called gold nanoclusters (<3 nm)—do not show any LSPR compared to the large gold nanosphere. These nanoclusters exhibit intrinsic fluorescence at the wavelengths ranging from the visible to the NIR region, upon excitation at the UV region. Gold nanoclusters have become an interesting sensing and imaging material due to their long half-life, large stokes shift, and biocompatibility [49,50,51,52]. The free-electron theory is especially important for understanding the fundamental optical properties of gold nanoclusters which work quite well in most cases. The free electron on the surface of nanoparticles creates polarization where the number of electrons determine the size-dependent plasmonic optical properties [53]. However, a decrease in the number of free electrons below a critical value lead toward continuous band splits into discrete energy levels as the nanoparticle size reaches the Fermi wavelength [54]. The numeric size of the energy level spacing determines the fluorescence of gold nanoclusters. This intrinsic fluorescence of gold nanoclusters is utilized for imaging and therapy in cancer theranostics.



Gold nanoparticles showed promising potential in nanomedicine, drug delivery, targeting, and bioimaging due to their diverse functionalities. Additionally, the inherent non-toxic nature of gold established its candidature in theranostic applications. This was confirmed through several studies where gold nanostructures showed a non-toxic nature with a higher degree of biocompatibility. Our previous study confirmed the size independent non-cytotoxic nature of gold nanospheres capped with taurine (a non-protein amino acid) in HepG2 cells [55]. In another study, gold nanoparticles (20 nm) were prepared using green fungus (Ganodermas sp.) extract, which showed no cytotoxicity in breast cancer cells (MDA-MB-231). In addition, the synthesized nanoparticles showed high monodispersity and enhanced biocompatibility [56]. These advantages of the gold nanostructures make them an ideal candidate in cancer theranostics.




1.3. Role of Tunable Gold Nanostructures in Cancer Theranostics


Nanomaterials used for cancer theranostics aid non-invasive, real-time monitoring and treatment by killing cancerous cells without affecting normal healthy cells in the vicinity [57,58]. While using a nanotheranostic approach, the physician can tailor the patient’s treatment regime according to the disease state and response; thereby, they can avoid unwanted side effects, multiple drug resistance, complete remission, and relapse [59,60]. Nanocarriers in theranostic applications easily enter cancer cells which have leaky blood vessels and lymphatic system, resulting in rapid uptake of the therapeutic agent. This results in gradual nanoparticle accumulation at the tumor site, with improved permeability and retention effect (EPR) [61]. The EPR effect enhances the efficiency of nanoparticles due to higher retention time, which is not observed while using drugs only. Gold nanoparticles are commonly used after functionalization with various molecules such as antibodies or drugs depending upon the intended application. However, without drugs or conjugated moieties, gold nanoparticles of anisotropic shapes exhibit NIR-IR absorption, killing cancer cells through a heat-induced mechanism called plasmonic photothermal therapy [62].



The mechanism of photothermal therapy involves the induction of local hyperthermia in cancer cells. Hyperthermia occurs due to the increase in temperature (42–45 °C) upon NIR laser irradiation at the local site, leading to intrinsic or extrinsic ER (endoplasmic reticulum)-mediated apoptosis [63]. Yujuan Zhang et al. (2018) reported a temperature-dependent cell death pattern upon using gold nanoparticles for phototherapy-mediated cancer therapy. The study concluded apoptosis-mediated cell death at a temperature below 50 °C and not exceeding it, while an elevated temperature above 50 °C triggered necrosis-mediated cell death [64]. The role of a nanostructure-based platform in theranostics includes nanoformulation tracking, drug delivery kinetics, targeted drug delivery with concurrent diagnosis, thus assisting strategy evaluation and efficiency optimization. Despite being at a nascent stage, the advent of nanotheranostics that uses nanoparticle-mediated approach to cancer diagnosis and treatment has shown a considerable amount of promising potential [65].



This review article elaborately discussed the role of gold nanostructures in cancer diagnosis and therapeutic application using theranostic based approaches. The designing strategies of gold nanoparticles for cancer theranostics are based on their physicochemical properties: size, shape, surface modification, and conjugation which has been discussed in detail (Figure 1). The potential toxic effects of gold nanostructures are highlighted using in vitro and in vivo model systems for their limited use in cancer theranostics. Several applications of gold nanoparticles have also been discussed, including targeted drug delivery, therapeutic drugs, phototherapy, and bioimaging. The review concluded with a discussion on clinical/preclinical strategies and challenges associated with using gold nanostructures in cancer theranostics.





2. Designing Strategies of Gold Nanostructures for Cancer Theranostics


2.1. Tuning the Size and Shape Design of Gold Nanostructures


Gold nanoparticles are well known for their superior physicochemical properties such as surface plasmon resonance (SPR), high photothermal conversion rate, easy synthesis of various shapes and sizes, and high water stability, which provides a platform for easy surface functionalization with various functional molecules [16,62]. Functionalization of nanoparticles is critical because it provides target specificity along with bioavailability enhancement of the functional molecule, which is generally a drug or a signaling molecule used for therapeutic purposes and diagnosis, respectively. The gold nanoparticle’s size and shape are tuned accordingly for imaging and phototherapy i.e., photodynamic therapy and photothermal therapy (PDT/PTT), respectively. It also influences stimulus-dependent drug delivery leading towards advancement of the treatment regime.



Gold nanoparticles can be classified into isotropic and anisotropic nanostructures based on their morphology [66]. Anisotropic shapes include every shape other than spherical, which renders them as having unique physico-chemical properties compared to the latter. The advantages of anisotropic nanostructures is mainly due to their ability to absorb light in the NIR-IR region which is not observed in isotropic nanoparticles (except hollow nanospheres). This unique feature of gold nanoparticles enables them to be used for photothermal therapy (PTT) or photodynamic therapy (PDT) during cancer treatment.



2.1.1. Isotropic Gold Nanostructures


Metal–gold nanoparticles and their applications: as a biosensor, imaging agent, therapeutic molecule, and nano-vehicle for targeted drug delivery, are highly dependent on their structural properties [67]. Various end-user applications of gold nanostructures have been achieved by modulating the structural properties of nanoparticles using different synthetic procedures. Spherical nanoparticles are the most commonly synthesized nanoparticles due to their ease of synthesis and surface modification. Furthermore, well-developed synthetic methods were employed for synthesizing size-tunable and highly monodispersed spherical nanoparticles [68]. In clinical bio-nanomedicine, monodispersed gold nanoparticles are advantageous due to a high amount of drug loading onto the nanoparticle’s surface making them efficient in drug delivery and therapeutic efficacy, respectively. Gold nanospheres stabilized with polyethylene glycol (PEG) and polyethyleneimine (PEI) exhibited robust stability in the biological environment [69]. The specificity achieved in diagnosing cancer through imaging involved receptor–ligand conjugation of the nanoparticles. These conjugated nanoparticles bind to the receptors (biomarkers) that are overexpressed in cancer cells due to abnormal metabolism. For instance, a commonly overexpressed biomarker in cancer cells is the folic acid receptor which allows for selective targeting by conjugating a folic acid ligand to the nanoparticles [70]. A similar approach, through alteration of target selectivity and specificity towards the targeting receptor can be adopted for diagnosis. For example, gold nanospheres labelled with fluorescent tags or dye are used as nanoprobes for imaging purposes [71].



Apart from specific targeting, functional entities conjugated to nanoparticles play a major role in deciphering the drug delivery mechanism through target accumulation. Similarly, it was reported that PEGylated gold nanospheres conjugated with T cells were used to monitor T cell kinetics and their biodistribution through imaging [72]. The evaluation of target site damage, drug distribution, drug release kinetics, and drug administration for therapeutic purposes was possible due to strategies used in nanotheranostics. Several published reports in the literature are compiled (as shown in Table 1) based on the potential use of isotropic gold nanostructures as a theranostic nanoprobe for detection/imaging or targeting tumors [73,74,75,76,77,78,79,80,81,82,83,84,85,86]. These reports show that gold nanoparticles have a tremendous capability in enabling theranostic-based nanomedicine.




2.1.2. Anisotropic Gold Structures


The anisotropic gold nanoparticles were reported in the early 20th century (1917) by Zsigmondy. For his contribution to the field of colloidal chemistry, Zsigmondy received the Nobel prize in chemistry (1925) [87]. The hexagonal and pentagonal-shaped gold nanoparticles were synthesized in 1979 and 1981 using the chemical vapor deposition method [88,89]. The widely explored anisotropic-shaped nanoparticles, i.e., rod-shaped, were synthesized by Wiesner and Wokaun in 1989 using the wet chemical reduction method [90]. In 1912, Gans extended the concept of Mie’s theory to anisotropic nanoparticles absorbing light in a more extended wavelength range, as compared to spherical nanoparticles [91]. In particular, anisotropic gold nanoparticles (including hollow gold nanospheres) exhibit an absorption spectrum in the NIR region. The NIR transition in 600–1300 nm opens the window for non-invasive optical imaging, photothermal therapy, and imaging modalities [92]. Anisotropic gold nanoparticles showed promising potential in photothermal therapy (PTT) against cancer. The photothermal efficiency of anisotropic gold nanoparticles was determined in a study where hollow gold nanospheres (44 nm) exhibited an absorption peak at 808 nm, demonstrating their photothermal impact on mice at concentrations 100-fold lower than silica-coated iron oxide nanoparticles [93]. In addition to photothermal therapy, NIR has also been used for stimulus-dependent drug delivery at the target site. Jian You et al. (2010) demonstrated the dual role of hollow gold nanospheres (40 nm diameter) in enhancing photothermal implication and drug release under NIR irradiation [94]. The study also concluded that 63% more doxorubicin was loaded onto the polyethylene glycol (PEG)-coated hollow gold nanosphere. Besides the hollow nanosphere, nanoshells also exhibit properties favorable for theranostic application based on NIR absorption. The gold nanoshell consists of two components, one being an inner core and one an outer shell. Additionally, magnetic and high scattering properties were implemented on nanoshells by changing the core and replacing it with iron or silver [95,96]. The plasmonic properties of gold nanoshells towards the NIR region were tuned by varying thickness and diameter of the outer and inner layers, respectively [97,98]. In a typical study, Peng Huang et al. (2014) used liquid–liquid–gas, a three-phase approach, to synthesize multi-branched bellflower-shaped gold nanoparticles. Gold bellflower (ʎmax 800 nm) showed high photothermal conversion efficiency (74%) with a powerful photoacoustic imaging effect under NIR laser irradiation [99]. In addition, the conjugation of gold nanorods enhanced the applicability of NIR light-responsive photothermal therapy by achieving target selectivity [100]. Table 2 [23,24,25,26,101,102,103,104,105,106,107,108] showed different anisotropic gold nanostructures used in cancer theranostics.





2.2. Surface Modification of Gold Nanostructures


The higher surface area to volume ratio rendered nanoparticles several advantageous surface functionalities. The higher drug loading and the assembly of multiple functional molecules are only possible using particles in the nano regime. In particular, gold nanoparticles have been engineered for theranostic purposes through surface modification such as capping or coating with drug/diagnostic molecules. Capping or coating also provide biocompatibility and stability to the nanoparticles in biological milieu. Surface modification is conducted by conjugating or labeling different functional moieties such as protein, antibody, amino acids, fluorescent dye, DNA, and siRNA onto nanoparticles for efficient therapy and detection [109,110,111,112,113,114]. The schematic representation of different functional moieties on an anisotropic gold nanoshell is shown in Figure 2. The various conjugated functional entities exhibit unique functionalities in cancer theranostics.



2.2.1. Enhanced Stability and Biocompatibility Using Cappings and Coatings


The pre-requisites for synthesizing gold nanoparticles include a precursor metal salt, a strong reductant, and a capping/stabilizing agent. The role of the capping agent is to provide colloidal stability to the nanoparticles. Gold nanoparticles of various shapes and sizes are synthesized using surfactants, polymers, polysaccharides, and biomolecules [55,115,116,117,118]. Among all, hexadecyltrimethyl ammonium bromide (CTAB) is the most frequently used surfactant, and is a well-established template imparting anisotropy in nanoparticles. The application of CTAB in synthesizing gold nanostructures of different shapes such as rods, triangles, star bipyramids etc., has been reported [119,120,121,122]. CTAB offers high stability to metallic nanoparticles under physiological conditions. The application of the surfactant based metal nanoparticles is limited to diagnostics/sensing/engineering. The inherent toxicity of the surfactant from the surface of metal nanoparticles hinders biological/clinical applications. In order to alleviate toxicity, the surfactant is coated/shielded by various biocompatible molecules on the metal gold surface. PEG is the most commonly used coating for biological use due to its non-toxic and biocompatible nature. For instance, thiolated PEG was used to coat CTAB-capped gold nanoparticles which resulted in the reduction in toxicity of the particles [123]. Other non-toxic or highly stable coatings, such as silica, have been used to coat gold nanorods with gold nanoclusters (AuNRs@SiO2@AuNCs) for their concurrent application in imaging, as well as photothermal treatment of cancer cells [124]. Similarly, a recent study reported the synthesis of hybrid plasmonic-luminescent nanomaterials, where silica encapsulated gold nanorods were functionalized with lipoic acid-capped silver nanocluster (Ag29(LA12)) and bovine serum albumin (BSA) capped gold nanocluster (Au30 BSA), respectively [125]. Silica is known to increase the thermal efficiency of gold nanoparticles [126]. The coating of nanoparticles provides unique properties that augment their applicability in nanotheranostics. The selective binding of targeted functional moieties includes anticancer drugs, fluorescent tags, proteins, and antisense RNA for cancer treatment [108,109,111,127].




2.2.2. Functionalization and Conjugation for Target Specificity


The surface of gold nanoparticles has been modified using different coatings or cappings for their desired end-use. A diagnostic biosensor based on DNA (ERBB2c and CD24c) conjugated citrate-coated gold nanoparticles was developed for the early detection of breast cancer biomarkers [128]. The biosensor provided a brief indication of damage based on the increase and decrease in biomarker levels in biological fluid. However, to identify the exact target location of the lesion, various targeting moieties were conjugated to the gold nanoparticles for therapeutic and diagnostic purposes. The anticancer drug doxorubicin was loaded onto oligonucleotides conjugated to citrate-capped gold nanoparticles, and examined their therapeutic potential using a colon carcinoma cell line (SW480) [129]. Doxorubicin is a well-known broad-spectrum anticancer drug used to conjugate gold nanoparticles with different cappings showing multiple effects. Fucoidan—a sulfated polysaccharide—was used as a reductant and a capping agent for synthesizing gold nanoparticles. These nanoparticles, after conjugation with doxorubicin, were used as nanocarriers for chemotherapy and photoacoustic imaging of breast cancer cells [130]. Multi-coated gold nanoparticles, such as citrate-capped gold nanoparticles coated with PEG 6000, followed by conjugation with the peptide-drug, efficiently increased antitumor activity and bioavailability, respectively [131]. The functionalization of these entities onto the nanoparticle surface was directly related to the nanoparticle size and shape. Similarly, 2-kDa-polyethyleneimine conjugated to gold nanoparticles was developed for efficient gene therapy in human corneal cells and the rabbit cornea. The conjugated gold nanostructures were selectively able to deliver genes in rabbits with minimum immune response. The study also showed a higher uptake of nanoparticles followed by their clearance [132]. A similar analysis of nanoconjugates showed that the peptide THRPPMWSPVWP was loaded onto the conjugated CLPFFD gold nanoparticle. The study concluded that gold nanoconjugates actively bound to the blood–brain barrier using translocating microvascular endothelial cells, and hence increased conjugate permeability in the brain [133]. The study confirmed the efficient use of gold nanoconjugates in neurodegenerative therapeutic potential through in vivo and in vitro model systems.






3. Safety and Risk Assessment of Diverse Gold Nanostructures


The promising potential of various gold nanostructures for biological application (mainly theranostic-based) led towards deciphering and understanding their beneficial effects, along with their detrimental effects, on a biological system. The toxicological impact of gold nanostructures in a biological system is assessed using in vitro or in vivo model systems. The nanotheranostic applications involve safe and biocompatible nanomaterial for successful diagnosis and concurrent therapy with minimum side effects. The toxicity of gold nanostructures is determined primarily by their size, shape, surface chemistry, dose concentration, route of administration, and finally, their interaction with cellular components [134,135]. Nonetheless, the surface chemistry plays a critical role in determining the functionality of nanoparticles, and it also influences the toxicity outcome. As discussed earlier, the capping agent plays a major role in determining the surface chemistry of nanoparticles, rendering them with diverse functionalities. The widely used capping agent template for synthesizing anisotropic nanoparticles is hexadecyltrimethylammonium bromide (CTAB) [136]. The CTAB-assisted synthesis yielded gold nanoparticles of various shapes, such as spheres, rods, cubes, and prisms [137]. These various shaped CTAB stabilized gold nanoparticles showed shape-dependent toxicity in a prostate cancer cell line (PC3) (Figure 3). CTAB acts as an excellent structure-directing agent for synthesizing gold nanorods; however, they are highly toxic to in vitro and in vivo model systems [138]. Therefore, CTAB-capped nanoparticles were coated with PEG to achieve minimum toxicity, without affecting the physicochemical properties of the nanoparticles [139,140]. Additionally, PEG-coated gold nanoparticles offer strong biocompatibility of the nanoparticles due to their stealth nature when in the blood circulation [140]. It is also reported that bovine serum albumin (BSA), along with PEG effectively stabilizes gold nanoparticles in a size-controlled manner with increased biocompatibility [141]. However, from the reported studies, it is clear that nanoparticle toxicity is mainly dependent on various factors such as size, shape, and surface chemistry [142]. Surface chemistry of the nanoparticles plays a significant role in determining the nano–biointerface during their application. Therefore, in the case of gold nanoparticles that are inherently non-toxic, capping plays a major role in determining the safety of the nano-system. For example: CTAB-assisted nanoparticles are toxic, while PEG-capped nanoparticles are non-toxic in nature [138,143]. This is due to the change in surface chemistry. The toxicity assessments of different gold nanostructures using in vitro and in vivo model systems have been discussed elaborately in the following sections.



3.1. In Vitro Safety Assessment


The advent of gold nanostructures in cancer theranostics has been a boon towards rapid diagnosis, drug delivery, and effective therapeutic results. The property-based performance of the gold nanostructures is evaluated in vitro and in vivo prior to a clinical trial. The in vitro system is the preliminary test system to assess the toxicity of nanoparticles that are intended for biomedical applications. It is, however, too early to clearly define the absolute safety of nanoparticles, despite their use in NIR based theranostic applications [99,144]. The parameters such as particles’ size, shape, surface chemistry, dosage concentration, and route of administration play critical roles in determining nanoparticle-mediated toxicity [145]. For example, gold nanospheres (45 nm) at a lower dose (10 ug/mL) showed higher toxicity compared to smaller particles (13 nm) at a higher dose (75 ug/mL) [146]. In addition, the use of anisotropic gold nanorods synthesized via a seedless method showed size-dependent toxicity in the HepG2 cell line [147]. Depending on the shape, sharp-edged nanoparticles such as nanoflowers and nanostars are more toxic when compared to spherical particles at the same lower concentrations [148,149]. It was also reported that sharp-edged nanoparticles tend to evade toxicity through endosome mediated delivery [150]. A study conducted by Diego Mateo et al. (2014) confirmed the cytotoxic nature of gold nanoparticles to the cell lines (HepG2 and HL-60) under certain conditions such as dose, exposure time, and size of the nanoparticles [151]. The study concluded that dose and time-dependent exposure to gold nanoparticles increased reactive oxygen species (ROS), decreased glutathione (GSH) and superoxide dismutase (SOD) activity in hepatocellular carcinoma (HepG2) and human leukemia (HL 60) cell lines, resulting in cytotoxicity and subsequent cell death. However, regardless of size, gold nanoparticles exhibited minimum or no toxic effects at an appropriate dose; for example, a dose that could be used for a therapeutic purpose. In addition to size, shape, and dose, surface chemistry also plays an essential role in determining nanoparticle-mediated toxicity. The capping/stabilizing agent mainly governs the surface chemistry, which sometimes possesses both reducing and stabilizing properties. For example, in the case of glucose-capped gold nanospheres, glucose acts as both reducing and stabilizing agent. The glucose-capped gold nanoparticles showed non-toxic effects in Hela cells, and were also used in cancer nanotheranostics [152]. These non-toxic cappings provide stability and biocompatibility of the nanoparticles that can be used for nano-based constructs in photothermal therapy and targeted drug delivery. The well-known trisodium citrate (TSC) capping is popular for its self-reducing, stabilizing properties, non-toxic behavior, size tunability, and ability to induce anisotropy in metal nanoparticles [153,154]. Additionally, a report contradicted the non-cytotoxicity nature of citrate-capped nanoparticles (15 nm) where these particles were found to cause cytotoxicity in HeLa and U937 cell lines, respectively [155]. A study confirmed that gold nanoparticles coated with citrate and polyamidoamine dendrimer (PAMAM) were genotoxic and cytotoxic when exposed to HepG2 and peripheral blood mononuclear cells (PBMC) at dose of 1 µM and 50 µM, respectively [156]. The nano-sized particles showed enhanced performance over micron-sized particles which can be attributed to an increased surface area to volume ratio [157]. Additionally, gold nanoparticles less than 2 nm are known for their inherent fluorescent property, which is used as a nanoprobe to diagnose disease states through real-time fluorescence-based imaging at the tumor site [158]. Despite the benefits of gold nanoclusters, toxicity has been a concern resulting in their limited application. For instance, a study reported cell death via necrosis or apoptosis upon exposure to particles of 1.4 nm or 1.2 nm, respectively [159]. To minimize the toxicity concern, a biocompatible coating such as GSH (tripeptide) was used to functionalize gold nanoclusters for real-time imaging in an in vitro system [160]. Similarly, cytotoxicity was controlled by coating the nanorods with mesoporous silica (mSiO2), poly(sodium 4-styrene sulfonate) (PSS), dense silica (dSiO2), PEG, and titanium dioxide (TiO2), and was validated through exposure to U-87 MG, MDA-MB-231, PC-3, HepG2, RAW 264.7, and HT-29 cells, respectively [161]. The study showed that mSiO2 and PSS-coated gold nanorods showed significant toxicity, while PEG, dSiO2, and TiO2 caused no cellular damage.




3.2. In Vivo Biodistribution and Toxicity Assessment


The complex structural assessment in an in vitro system is insufficient alone for the safety validation of nanoparticles intended for clinical application. In addition, in vitro toxicity assessment only shows the preliminary studies which are essential to correlate with an in vivo system that can guide the nanomaterials having theranostic potential towards clinical application. The in vivo model system is considered the next strata which is more close to humans’ biological complexity or correlation, as compared to the in vitro system. The most commonly used in vivo model systems include zebrafish, Caenorhabditis elegans, Drosophila melanogaster, yeast, bacteria, rat, and mouse. These model systems enabled the study of the fate of nanoparticles from single-cell level to multicellular/tissue or organ system level [162,163]. The advantages of using these model systems are due to their complete genome sequencing, ease of maintenance, short lifespan, and functional homology to human genes [164]. The use of model organisms to assess the safety of nanomaterial (nanoparticles, nanoclusters) is currently a step towards using safer material for biomedical applications. Model organisms based on in vivo studies are also helpful in understanding the behavior and fate of gold nanoparticles in the living body. The gold nanoclusters accumulate primarily in the liver and spleen, resulting in further complexities leading to organ damage [165]. A study concluded that the administration of silver shelled gold nanorods to mice induced oxidative stress, and that the nanorods accumulated mainly in the target site and were later on found in other organs [166]. However, the fate of untargeted nanoparticles in the living body is destined to accumulate primarily in the liver and spleen [167]. The accumulation of nanoparticles in the liver is high due to the presence of Kupffer cells and macrophages that are responsible for the uptake of foreign materials, as gold nanoparticles are foreign to the cell, regardless of their size [168,169]. Therefore, target specificity for theranostic-dependent therapy and diagnosis is a vital criterion for the treatment of any disease. According to a study by Lopez-Chaves et al. (2018), gold nanoparticles exhibited toxic effects upon exposure to three different sizes of nanoparticles (10 nm, 30 nm, and 60 nm) in Wistar rats. After sacrifice, traces of nanoparticles were found in the liver, intestines, urine, feces, kidneys, and spleen. The study revealed that smaller nanoparticles had a more deleterious effect on genetic material than cellular units, compared to larger nanoparticles [170]. A similar study by Schmid et al. (2017) confirmed that small gold nanoparticles showed higher circulation efficiency, wide biodistribution, and more toxic effects than larger nanoparticles [171]. In another study, the size-dependent distribution of gold nanoparticles was observed in which smaller particles selectively crossed the blood–brain barrier more efficiently [172]. The size of the particles in the nano regime enabled them to breach the blood–brain barrier, and provided a new avenue in diagnosis and targeted drug delivery. However, another comparative in vivo study regarding the fate of the nanoparticles of sizes 2 nm and 40 nm, respectively, was conducted. Interestingly, the nanoparticles were taken up, irrespective of size, by Kupffer cells in the liver and macrophages in other places. The smaller size (2 nm) was easily filtered through the kidneys and excreted through the urine after filtration [168]. In another study, Drosophila was used as an exposed model for gold nanoparticles at 12 ug/g; reduced fertility, life expectancy, DNA fragmentation, and upregulation of stress proteins were observed [173]. The previously mentioned studies in this section have elucidated the behavior of gold nanoparticles in various model organisms. Therefore, non-toxic gold nanostructures are considered as nanotheranostic tools in the treatment of multidimensional diseases such as cancer.





4. Impact of Gold Nanostructures on Targeted Applications Related to Cancer Theranostics


4.1. Diagnosis


Imaging technologies for diagnostic purposes have the advantage of allowing non-invasive collection of anatomical, functional, and molecular information. This information is used for targeted drug delivery, distribution, and mechanism of action [174]. Traditionally used imaging modalities are computed tomography (CT), magnetic resonance imaging (MRI), ultrasound (US), positron emission tomography (PET), photoacoustic tomography (PAT), single-photon emission computed tomography (SPECT), and fluorescence imaging [175]. Among the nanoparticles, gold nanoparticles are the first candidate used in the CT imaging of mouse organs and blood vessels [176]. Gold nanoparticles were used in conjugation with different functional entities for multi-model imaging. The selective and targeted specificity was achieved through surface functionalization with functional target molecules. Gold nanostructures are also used as a contrast agent in CT due to their X-ray attenuating properties and higher absorption capacity compared to conventional contrast agents [177]. On the other hand, gold nanoparticles have been modified with superparamagnetic iron oxide, gadolinium, and manganese to make them usable as contrast agents for MRI [178]. Imaging with fluorescent molecules is advantageous for rapid detection and for detailed information about the target site, and is low-cost and has multicolor imaging modalities (using different fluorophores). However, due to its low penetration ability, it is unsuitable for a diagnosis prescribed for clinical use. A multifunctional nanoconstruct (branched gold nanoshell) was developed by Antonio Topete et al. (2014) which has a central core of poly(lactic-co-glycolic acid (PLGA)-doxorubicin functionalized with human serum albumin (HSA), indocyanine green, and folic acid [179]. The study showed selective localization of the nanoconstruct in the tumor, and was retained for 48 h. The study also concluded that high fluorescence imaging was achieved due to NIR absorption of the nanoconstruct (particularly the gold nanoshell). A similar nanoconjugate based on nanostars was reported by Yang Liu et al. (2015), for nanotheranostics that were conjugated to different functional molecules for simultaneous use in CT, SERS, photothermal therapy, and imaging. The study concluded accumulation of nanoconjugates in the target tumor through imaging which showed a photothermal effect [105]. In addition, the study also demonstrated continuous monitoring of controlled drug release at the specific site using the SERS mechanism in breast cancer cells (SK-BR-3). The drug release from the nanohybrid system and cancer cell viability were monitored by altering the SERS signal and cell viability assay, respectively [180]. The role of gold quantum dots in the theranostic approach was also realized and welcomed due to their smaller size as compared to nanoparticles. For example, gold quantum dots incorporated into mesoporous silica shells inhibited tumor growth significantly, as determined by NIR fluorescence, PAI, and MRI imaging methods [103]. Moreover, smaller particles are preferred for clinical use due to their higher clearance rate through the kidneys [181]. In a typical study, the magnetic property was harvested in gold nanoclusters, and was efficiently used in cancer diagnosis and treatment. Ultrasmall (1.4 nm) gold nanoclusters were synthesized using a virus as a template to target the T-cell receptor (TCR) in tumor cells. The study concluded excellent MRI and magnet-based hyperthermia for sub-cutaneous and deep-tissue tumors in live mice [182]. A comparative study between GSH-capped gold nanoclusters (2.5 nm) and a standard dye (IRDye 800CW) for fluorescence imaging confirmed superior fluorescence imaging performance in the nanocluster, with high accumulation and high clearance rate as compared to the standard [183] (Figure 4).



Ultra-small gold nanoparticles (5 nm) conjugated to dye showed strong NIR absorption and retained photoacoustic imaging capability similar to that of 40 nm particles [184]. In addition, these smaller nanoparticles showed a high clearance rate compared to larger ones in an in vivo model organism. The findings supported the use of small gold nanostructures in photoacoustic imaging of cancer cells. Smaller gold nanoparticles also showed potential in PET technology by combining different functional entities such as GSH-stabilized gold nanoparticles (2.5 nm) conjugated to copper-64 (64Cu) for the assessment and diagnosis of renal function in mice [185]. In addition, small nanoparticles or nanoclusters have an advantage over large particles in terms of autofluorescence in the UV region [186]. The fluorescent emission property (from blue region to red region) of nanoclusters is tunable which is based on the number of binding atoms and emission of excitation light [186]. Autofluorescence of gold nanoclusters can be used for live-cell or tissue imaging. Arifin et al. (2011) reported that gadolinium-conjugated gold nanoparticles were used as a positive-contrast in ultrasound, CT, and MRI to visualize transplanted islet cells. The study concluded that gadolinium conjugated gold nanoparticles injected into mice resulted in normal blood glucose levels after seven days of injection [187].




4.2. Targeted Therapeutics


The high surface area to volume ratio of gold nanostructures enabled a unique platform for labeling or coating multiple functional entities onto the nanoparticles’ surface. These coatings or labels showed improved drug targeting, selectivity, biocompatibility, and the stability of nanoparticles. Various types of coating or capping have been used, including those with therapeutic value (DNA, peptides, proteins, siRNA), structure-directing agents (CTAB, citrate, anionic/non-ionic surfactants), targeting agents (antibodies), and polymers (PEG, PVP) [108,188,189,190,191,192]. Gold nanoparticles, due to their size, conveniently accumulate in cancer cells through leaky vasculature in the blood and lymphatic vessels. The EPR of the gold nanoparticles allows the conjugated drug to remain at the tumor site for a longer duration as compared to the drug when administered alone [193]. According to a few studies, nanoparticles of different sizes (<100 nm) passively accumulate in cancer tissue, providing higher drug loading at the target site. This results in less circulation of the drug in the blood leading to increased circulating half-life, thus preventing systemic toxicity [194,195]. However, the current strategy depends on the degree of vascularization and heterogeneous blood flow, limiting drug absorption and homogeneous distribution. The limitation is overcome by using vasoconstrictive drugs which narrow normal blood vessels and increase blood pressure. At the same time, cancer cells remain unaffected due to their abnormal vasculature, thereby improving the entry target of tumor cells [196]. In a study by Mykola Ya Spivak et al. (2013), gold nanoparticles (30 nm) were conjugated to levosimendan (SIMDAX)—a well-known cardioprotective drug—demonstrating its role in the treatment of heart failure in an in vivo model system [197]. Gold nanoparticles acted as nanocarriers to transport SIMDAX, and accumulated in infarcted arteries and capillaries of the endothelial layer. According to the finding, AuNP-SIMDAX and AuNP have significant cardioprotective effects in rats against doxorubicin-induced heart failure when compared to SIMDAX alone. The study also concluded that the intrapleural route of administration (local administration) showed the best effect compared to other assumed routes of administration, such as sonoporation and intravenous injection [197].



Gold nanoparticles conjugated with doxorubicin showed promising results in selective targeted therapy or diagnosis. The drug was released from gold nanoconjugates in a dose-dependent manner through specific stimulation of NIR laser irradiation. The design of nanoconjugates was also used for detection and treatment using a variety of functional molecules [198,199]. The doxorubicin being conjugated with different anisotropic nanoparticles, such as nanostars, nanoclusters, hollow nanospheres, and nanoshells has been reported [24,83,85,104]. These conjugated anisotropic nano-constructs showed the potency of doxorubicin in the NIR range with more minimal side effects than doxorubicin alone at the same dosage level [24,83,85,104]. Apart from doxorubicin, other antitumor drugs such as platinum-based drugs, camptothecin, irinotecan, and 5-fluorouracil were also conjugated to gold nanoparticles to achieve higher efficacy with minimum side effects upon exposure [75,82,200,201]. Camptothecin showed broad-spectrum anti-tumor activity by inhibiting topoisomerase 1, an enzyme responsible for unwinding DNA during replication [202]. However, camptothecin was highly toxic and less potent in showing anticancer activity compared to its natural derivative, 10-hydroxy camptothecin [203]. The anticancer potential of 10-hydroxy camptothecin was further enhanced through conjugation using gold nanoparticles [204].



The target selectivity of nanoparticles was found to be enhanced in the pathway of receptor–ligand mediated interactions, inducing intrinsic endocytosis and confirming the release of drug in cells [195]. Intrinsic endocytosis, also known as receptor-mediated endocytosis (RME), is responsible for the uptake of gold nanoparticles upon adsorption of surface proteins onto nanoparticles. RME involved clathrin-coated vesicles followed by the internalization of caveolae [205]. A study conducted by Nripen Chanda et al. (2010), as depicted in Figure 5, showed how peptide (bombesin) conjugated gold nanoparticles targeted the gastrin-releasing peptide (GRP) receptor. GRP is selective and only overexpressed in breast, prostate, and lung cancer cells [206]. Bombesins offered target specificity, while nanoparticles acted as nanocarriers for peptide delivery into the target cancer tissue.



Similarly, another peptide called arginylglycylaspartic acid (RGD) functionalized magnetoliposomes was used for its selective targeting of leaky vascular endothelial cells via the receptor αvβ3 integrin, an overexpressed receptor in cancer endothelial cells with significant accumulation at the tumor site [207]. A study reported that antibody-conjugated gold nanoparticles showed improved target specificity due to selective ligand–receptor interaction. Chung Hang J. Choi et al. (2010) reported conjugation of PEGylated gold nanoparticles with human transferrin antibodies to achieve selective targeting capability. The achieved selectivity also enhanced nanoparticle accumulation in targeted tumor cells [208]. The over-expressing protein, also known as a bio-marker, expressed on the cancer cell surface is used for targeting through conjugating antibodies to gold nanoparticles. Two of the most commonly used antibodies are against the epidermal growth factor receptor (EGFR) and the folate receptor: the most widely overexpressed proteins on cancer cell surfaces. These receptors are selectively targeted by designing specific antibody–nanoparticle conjugates against them [209,210]. In addition to the functional properties that result from conjugation and capping/coating, nanoparticles also ensure prolonged accumulation in cancer tissue with a retention time of up to 72 h when administered intravenously [209]. The designed antibody–nanoparticle conjugates have been used in mice to assess therapeutic and diagnostic potential where nanoparticles have acted as carriers [80,210,211,212]. However, different targeting mechanisms are known, including passive (indirect) and active (direct) targeting. Passive targeting involves the use of nanoparticles coated/capped with therapeutic molecules which accumulate at the tumor site without any active transport. Furthermore, the lack of a normal lymphatic system in cancer tissue allows nanoparticles to remain for a longer duration. Passive targeting does not involve any specific targeting molecule. On the other hand, active targeting includes conjugating specific antibodies such as C225 to EGFR as cancer cell surface receptors [73,78,79]. In a study, the antibody (C225) conjugated nanoparticles showed higher uptake in EGFR-positive cells of mouse xenografts [79]. Overexpression of the receptor protein HER2 is prominent in breast and ovarian cancer cells against which branched gold nanoparticles were also antibody-conjugated [213]. Another commonly overexpressed receptor on the cancer cell surface is the folate receptor, which is necessary for the uptake of folic acid into the cell. Most ovarian carcinomas overexpress folic acid receptors, as shown in a previous study [214]. According to a previous report, folate-functionalized nanoparticles showed 4.7-fold higher accumulation in target tumors than their non-functionalized counterparts [82]. Therefore, the role of drug–folate conjugates can be exploited in preclinical studies for selective tumor targeting [215,216]. Table 3 described various targeting strategies of using gold nanoparticles in cancer theranostics, along with their advantages and disadvantages.




4.3. Advanced Phototherapy


Photodynamic therapy (PDT) is a form of phototherapy that uses a light source and a photosensitizing chemical (agent) in conjugation with molecular oxygen to induce cell death through the generation of reactive oxygen species (ROS). Photosensitizers are exposed to the light of specific wavelengths leading to generation of nascent oxygen or free radicals. The wavelength depends on the selective absorption by the tumor tissue with enhanced selectivity through an increased ratio of targeted to non-targeted healthy tissue [224]. The anisotropic gold nanoparticles exhibit higher absorption properties at longer wavelengths. The improvement of the traditional PDT system in combination with gold nanoparticles reduced toxicity, increased efficiency, and improved cellular uptake by the cancerous cells [78,225]. Joseph D. Meyers et al. (2015) showed that gold nanoparticles selectively delivered labelled EGF and a photosensitizer PC-4 to the target tumor in vitro and in vivo, respectively. The in vitro study showed that epidermal growth factor peptide-targeted gold nanoparticles (EGFPrep-AuNPs)-PC4 selectively killed cancer cells two-fold more as compared to the PC-4 alone [78]. Interestingly, the in vivo study showed significant interruption in tumor development which was acquired through imaging. According to one of the studies, a nanoconstruct (Au@Polymer/MB-TF) was designed that consisted of gold nanoparticles, methylene blue (MB)—a photosensitizer, polystyrene-alt-maleic acid (PSMA)—a polymer for stabilization, and transferrin, for internalization using a light source (660 nm). The developed nanoconstruct showed minimum toxicity and induced apoptosis in cervical cancer cells [226]. Chen et al. (2018) conducted a study in which laser-assisted synthesized alkylthiolated gold nanoclusters were modified with human serum proteins (HSA) and catalase (CAT) demonstrating a multifunctional theranostic approach against cancer. The study concluded that gold nano-constructs selectively induced hypoxia and exhibited fluorescence with a high retention time in tumor tissues [227]. Gold nano-dendrimer combined with zinc and phthalocyanine formed a Multiple Particle Delivery Complex (MPDC) which demonstrated efficient photodynamic therapy in a cancer cell line (MCF-7). Upon irradiation with the NIR laser (680 nm), an apoptosis-like feature with increased cytotoxicity, caspase activity, cell depolarization, and cytochrome C release was observed. In addition, BAX, BCL-2, CASP-2, and ULK-1 were also upregulated, leading toward programmed cell death [228].



Photothermal therapy is an enhanced treatment regime of photodynamic therapy in which cells are specifically sensitized and thermally damaged at a temperature of 45 °C using longer wavelengths of light. Anisotropic gold nanoparticles such as nanorods, nanoshells, and nanocages have been used in photothermal therapy owing to their longer wavelength (NIR-IR) plasmonic absorption which converts light energy into thermal energy [229,230]. Yang-Liu et al. (2015) synthesized gold nanorods using a seed-mediated approach, followed by coating with mesoporous silica, and combining PEG, tLYP-1 peptide, and indocyanine green (ICG). In addition, the synthesized nanorods were stable in aqueous media due to silica coating, thereby facilitating endocytosis of tLYP-1 and ICG. Fluorescence imaging and phototherapy in breast cancer cell lines were achieved through NIR irradiation [230]. Similarly, a study reported the functionalization of gold nanorods using poly-L-glutamic acid (PGA), cisplatin, and folic acid for the therapeutic purpose [231]. PGA provided biocompatibility; cisplatin as a chemotherapeutic agent and folic acid for targeted release of cisplatin were conjugated to nanorods (Figure 6). A synthesized nanoconjugate (FA-GNR@Pt) was administered systemically and combined with localized NIR laser irradiation, which resulted in significant tumor growth inhibition in triple-negative breast cancer [231]. Weijun Xu et al. (2019) showed a gold nanorod synthesized from functional hyaluronic acid, conjugated with anti-HER2 antibodies, 5-aminolevulinic acid (ALA), and Cy7.5 for active targeting, photodynamic therapy, and fluorescence imaging, respectively. The study confirmed the dual-targeting mechanism of selective uptake by HER2 and CD44. The combined effect of PDT/PTT upon NIR laser irradiation was able to destroy breast cancer cells (MCF-7) significantly, as compared to PDT or PTT alone [232]. In another study, gold nanorods were reactivated with pegylated mesoporous silica (SiO2), a photosensitizer (Ce6), and cell-penetrating D-type peptide (D-CPP). The combined nanoconstruct (Ce6-D-CPP) induced cytotoxicity and apoptosis in cancer cells (MCF-7), and MCF-7 xenograft in nude mice [233]. Similarly, mesoporous silica-coated gold nanorods (AuNR@MSN) have been developed for photodynamic and photothermal therapy. Indocyanine green (ICG), cyclodextrin (CD-CD), and peptide RLA ([RLARLAR]2) were conjugated to AuNR@MSN. The conjugated peptide conferred membrane permeability and selectively targeted cancerous tissue. The synthesized nano constructs showed hyperthermia in in vivo and in vitro model systems where ROS generation was observed [234]. Ling-Yu Bai et al. (2015) developed a nanocomposite composed of hollow gold nanospheres and superparamagnetic iron oxide nanoparticles. The NIR absorption property of hollow gold nanospheres combined with iron oxide’s magnetic properties provided a platform for theranostic cancer application through simultaneous imaging and photothermal therapy [235].




4.4. Gene Therapy


The discovery of drug molecules and their preclinical studies focuses on future issues which affect the drug’s efficacy, biocompatibility, limited solubility, dose concentration, non-specificity of the target, bioavailability, and short half-life in circulation [236]. The translational potential of nanoparticles increases the potency of drugs and biomolecules that are functionalized to them. The designed nanoparticle’s potential enabled the development of disease-specific theranostic systems that can reduce healthcare costs and time with simultaneous diagnosis and treatment. These therapeutic and diagnostic tools are simply a unit of gold nanoparticles and small drug molecules—a peptide, protein, or antibodies, a ribozyme, and antisense nucleotides (siRNA, miRNA, snRNA) [237]. Modern therapies include gene therapy or gene silencing therapy, which promise a potent solution to fight against cancer. Gene therapy works on down-regulating the signaling pathways involved in the overexpression of genes that are responsible for altering the cellular protein levels leading to cancer. For example, in gene therapy, it has been found that siRNA (small interfering RNA) downregulates the expression of a particular gene in cancer cells [238]. Despite this, siRNA mediated gene therapy is not popular due to its short half-life. This is because RNAase activity in the cell system affects its stability and is very reactive; thereby it is considered as an obstacle to theranostic applications. This shortcoming is overcome by introducing nanoparticles in the domain of gene therapy. For example: AuNPs are used as nanocarriers in gene silencing strategies for overexpressed cancer genes, evading siRNA-mediated gene delivery [239,240,241]. Several studies on using AuNPs of different shapes and sizes for targeted gene silencing in cancer cells have also been reported [242,243]. In a typical study, Wei Lu et al. (2010) used hollow gold nanospheres for selective siRNA delivery to the tumor site. The synthesized siRNA can selectively bind nuclear factor kappa B (NF-kB) and decrease its expression through folate receptor-mediated endocytosis. The NF-kB protein complex regulates DNA transcription, cytokine secretion, and cell viability [82]. The study confirmed siRNA’s selective, specific delivery and safe release from conjugated hollow gold nanospheres after NIR irradiation at the tumor site. It was also found that the combined therapy of photothermal transfection of nano-constructs induced apoptosis and delayed tumor development. Concomitantly, it was observed that the liver, spleen, kidneys, and lungs were unaffected, despite the accumulation of nanoparticles in these organs. Gold nanoparticles exhibiting NIR absorption (nanorods and nanoshells) showed high efficiency in photothermal transfection, imaging, hyperthermia, and targeted drug delivery [101,107,243,244]. Gold nanoparticles, particularly gold nanorods, have been used to simultaneously deliver two molecules: doxorubicin and the siRNA of Kirsten rat sarcoma virus (KRAS) gene. The concomitant release of both molecules provided a synergistic effect and subsequently reduced tumor growth in an in vivo model system [107].



Similarly, spherical gold nanoparticles have also been used for effective siRNA targeting and delivery in other model systems such as cell lines, hydra, and mice. The study reported 65% of c-MYC gene silencing [245,246]. Furthermore, it was observed that covalently bound siRNA was more effective than ionized siRNA adsorbed on the surface of nanoparticles. Similarly, besides siRNA, other molecular components have also been used to inhibit specific gene expression. For example, single-stranded DNA (ssDNA) is selectively delivered to the target site using AuNPs as nanocarriers to silence various RNA-mediated processes in the cell [242,247,248]. The emergence of new technologies, such as the gold nanoparticle-based molecular beacon system, have been developed for determining miRNA expression responsible for over-expression of the undesired proteins. The beacon system uses a fluorescent-based detection method. Nevertheless, the toxicity of the fluorescence-based system was characterized in vitro and in vivo prior to therapeutic application [247,248,249]. The nano beacon system has also been used to overcome multiple drug resistance: a serious concern associated with cancer treatment while using drugs only.





5. Improved Clinical Outcomes in the Field of Nanotheranostics


The first clinical study with AuNPs was performed on solid tumors with effective targeting through conjugation of TNF to nanoparticles. Gold nanoparticles (27 nm) were coated with PEG; conjugated to the target molecule rhTNF; and administered to 30 patients at fixed doses, which showed high efficacy without compromising safety [250]. A pilot study on treating head and neck and lung cancer using gold nanoshells (also called Auroshells) via phototherapy was conducted which showed promising results [251,252]. The Auroshells were systemically infused, passively deposited in target lesions, and irradiated with a laser. Another study reported the treatment of gliosarcoma using gold nanoparticles functionalized with small nucleic acids (SNA) and a drug NU-0129. The study concluded that AuNP-SNA-NU-0129 selectively crossed the blood–brain barrier and reached the target site Bcl2L12—the gene responsible for the development of tumor growth by preventing apoptosis. The study reported complete tumor resection within 8-48 h after intravenous administration [253]. Haitham Amal et al. (2016) conducted a study with 484 participants using gold nanoparticles to detect gastric cancer. The exhaled alveolar air samples were collected from subjects via endoscopy using Tedlar bags (Keika Ventures, LLC). The collected samples were analyzed using gold nanoparticles and compared with the samples run on a standard technique: gas chromatography coupled mass spectrometry (GC-MS) [254]. In a recent study, Ardeshir R. Rastinehad et al. (2019) conducted a pilot clinical trial in prostate tumor-bearing patients using NIR induced phototherapy with silica coated gold nanoshells for the treatment [255].




6. Opportunities and Challenges in Cancer Nanotheranostics


The use of various nanomaterials with desirable properties and recent advances in theranostic approaches have revealed inevitable hiccups in cancer therapy and care. The development of effective anticancer nanotherapeutics remains a significant challenge, as only a few nanoformulations have entered clinical trials. The physicochemical properties of nanoparticles play an essential role in their use for cancer theranostics, such as their biocompatibility and stability [256]. Furthermore, the nanoparticles administered can interact with biomolecules or ions in the biological milieu to form aggregates affecting the efficiency of the nanoformulation, making them ineffective in tumor destruction [257]. In regard to biological application, the storage and stability of nanoparticles also affect their pharmacological performance [258,259]. Nanocarriers in cancer theranostics can also have unintended consequences due to unpredictable complex interactions with biological entities [260]. Apart from metal gold nanostructures, there are also reports on toxicity from other nanomaterials due to their high aspect ratios [261,262]. Although, it has been reported that gold nanoparticles are inherently non-toxic, their functionality for the intended application is determined by the capping molecules. Therefore, it is important to discern the toxicity of the nanoparticles capped with different ligands or capping agents. For example, cationic molecules such as CTAB cause toxicity compared to their anionic counterpart in vitro [263]. This is because the cell membrane is negatively charged, due to the presence of phospholipids, which shows electrostatic interaction with the opposite charge resulting in membrane disruption. Another equally important aspect is considering how the conjugated ligands change the pharmacokinetics, biodistribution, and eventual side effects upon exposure to the cells. However, a conclusive mechanism of interaction between the capped molecule and the biological system is yet to be established. Additionally, clinical translation is confronted with a significant barrier in the commercialization of nanomedicine, alongside the issues with large-scale synthesis and cost-effectiveness. In general, chemoresistance and the heterogeneity among cancer cells hinder certain therapeutics, which is why they are not successful in the majority of patients [264]. In this case, a strategy to overcome tumor heterogeneity is to target stromal cells. Stromal cells are the supportive tissue that provides support and nutrients to the lymphatic system. By tagging nanoparticles with stromal antagonists, it is possible to greatly increase the effectiveness of anti-cancer therapeutics. Further investigation is warranted to reveal novel molecular targets that are only expressed in the tumor microenvironment, which aids targeting efficiency of the nanoparticle-based therapy. Cancer stem cells (CSC) or cancer initiating cells (CICs) are also important candidates for drug targeting by eradicating CSCs/CICs chemoresistance, and possibly eliminating tumor reoccurrence. However, characterization of the systemic performance of gold nanoparticles in vivo is essential for advancing the future of nanomedicine [264]. Each multifaceted nanoparticle system is unique and must be evaluated independently. Systematic studies on toxicity, pharmacokinetics, and efficacy need to be carried out under precise conditions before developing nanomedicine. Figure 7 depicted the various challenges associated with the use of gold nanostructures in cancer theranostics.




7. Conclusions and Future Outlook


The need of the hour is to improve the life of cancer patients by providing early medical interventions through modern treatment facilities. One of the emerging areas is theranostics, which plays a crucial role in providing novel strategies and capabilities for the early-stage detection and treatment of cancer. Theranostics coupled with smart multifunctional nanomaterials, especially gold nanostructures, has paved the way towards developing a robust platform for clinical applications. This was due to the superior optical properties tuning from the visible to the NIR/IR wavelengths. The excellent optical features, along with isotropic and anisotropic behavior of gold nanoparticles, enabled the destruction of cancer cells via PTT/PDT. In this review, the authors mainly focus on the advancements in nanotheranostics in the past decade, and its role in cancer therapeutics using gold nanostructures. The potential of gold nanoparticles in various cancer therapeutics and diagnoses depends on the size, shape, surface complexity, conjugated functional entities, dose concentration, and route of administration. The target selectivity and specificity of gold nanostructures to the tumor site were achieved through binding molecules based on the target of interest. Tailored shapes of gold nanostructures (nanorods, nanoshells, nanocages, hollow nanospheres, and nanostars) exhibit absorbance in the NIR region, which is considered to be the optical therapeutic window. These tunable plasmonic properties of gold nanoparticles showed improved therapeutic potential in killing tumor cells via photothermal and photodynamic therapy, allowing the generation of heat and reactive oxygen species (ROS), respectively. When considering the smaller atomic sizes, gold nanoclusters possess an intrinsic fluorescent property which does not quench compared to traditionally used fluorescent nanoparticles or dyes. The capability of various sizes of gold nanostructures has gained tremendous attention in nano-optic-based therapeutics, along with nanophotonics and theranostics applications involving laser-guided approaches.



This review elaborated on the gold nanostructure’s potential for providing non-invasive and minimally invasive imaging modalities with precise targeting capability. However, the use of theranostics for clinical applications has several challenges in terms of repeatability, owing to the discrepancies in the in vitro and in vivo animal studies, and further human clinical trials. However, there are very few clinical trials on the progress of nanotechnology based cancer treatment. The transformation of the lab to bench technologies will lead to new frontiers in developing nanotheranostic strategies and approaches for identifying pathological conditions triggering various disease conditions. The compilation of studies in this review will aid the understanding of the complexities of nanotheranostics, and put forward a road map in bringing it from lab to clinic. Furthermore, the challenges of manufacturing nanoparticles with less toxicity, and providing stable nanoparticles with detailed characterization, will help to determine their efficient use in theranostics.



To date, there are no commercialized or FDA-approved theranostic nano-based therapeutic agents due to the nanoparticle’s complex surface chemistry, and several other associated challenges. These include synthetic routes, multifunctional capping agents, conjugation (electrostatic/covalent), and strategies of drug payload to deliver at the target site with precision. In vivo/In vitro studies are challenging tasks for data correlation and require consensus for reproducible results to correlate the efficiency of different nanoparticles.



This review aims to disseminate the efforts made in the area of nanotheranostics and cancer in the past decade. However, realizing their impacts on treating and detecting cancer requires a collective effort from multidisciplinary researchers, involving chemists, physicists, biologists, engineers, policy decision-makers, and regulatory agencies to bring the lab scale developments to the commercial scale for the welfare of human health.
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Figure 1. The schematic illustrating the shape by design of tunable gold nanostructures from isotropy to anisotropy through surface modification and their application in cancer nanotheranostics. 
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Figure 2. Diagram showing different functional entities; drug, antibody, siRNA and fluorescent agent capped around the gold nanostructure for cancer theranostic applications. The conjugation enhanced target selectivity and specificity for cancer therapies such as chemotherapy, gene therapy, photodynamic therapy, photothermal therapy, and imaging. 
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Figure 3. (A) Representation of different cappings (CTAB, citrate, tryptophan, and tyrosine) used in synthesizing gold nanostructures of different shapes. (B) TEM images of (a) CTAB capped gold nanosphere, (b) CTAB capped gold nanocube, (c) CTAB capped gold nanorods, (d) CTAB capped gold nanoprism, (e) CTAB and citrate capped gold nanosphere, (f) citrate capped gold nanosphere, (g) tryptophan capped gold nanosphere, and (h) tyrosine capped gold nanosphere. (C) Cell viability was measured for gold nanosphere (AuNS) with various cappings: (a) citrate, (b) tyrosine, (c) tryptophan, and (d) CTAB and citrate in prostate cancer cells (PC3). (D) Cell viability was measured for different shapes of gold nanostructures capped via CTAB: (a) Gold nanosphere (AuNS), (b) gold nanorods (AuNR), (c) gold nanoprisms (AuNPr), and (d) gold nanocube (AuNC). Adapted from the ref. [137] with permission. Copyright@American Chemical Society. Asteriks indicate significant differences (p < 0.05) between different conditions at the same dose point. 
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Figure 4. Gold nanocluster capped with glutathione (GS) (2.5 nm) for tumor imaging. (A) Gold nanocluster synthesis using GS as a capping agent. (B) NIR-dependent imaging in MCF tumor-bearing mice with glutathione capped gold nanocluster (GS-AuNCs) and standard dye (IRDye 800 CW) at the period of 0.5, 3, and 12 h. (C,D) showed ex vivo fluorescent images of organs and tumor removed at 1 and 12 h from the mice exposed to GS-AuNCs and IRDye 800CW, respectively. Labels: 1, tumor; 2, liver; 3, lungs; 4, spleen; 5, heart; 6, kidney (left); 7, kidney (right). (E,F) showed biodistribution of nanocluster and dye in different organs, respectively. Adapted from ref. [183] with permission. Copyright@American Chemical Society. 
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Figure 5. Bombesin-conjugated gold nanoparticles. (A) Concentration of conjugated nanoparticles in different organs after intraperitoneal administration in normal mice. (B) Comparison of bombesin (BBN) conjugated and gum arabic (GA) functionalized gold nanoparticle uptake after intraperitoneal administration in tumor-bearing mice. Selective uptake into the pancreas via the bombesin-specific receptor was observed. Adapted from ref. [206] with permission, PNAS. 
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Figure 6. Gold nanorods coupled with various functional moieties for in vivo and in vitro photothermal treatment. (A) Surface modification of CTAB-GNR with folic acid (FA), cisplatin (Pt), and poly-L-glutamic acid (PGA) to synthesize thiolated poly (ethylene glycol)-graft-poly (L-glutamic acid) copolymers with FA modification (FA-PEG-g-PGA-SH). (B) In vivo hyperthermia impact and photothermal ablation of tumor blood vessels (a–d). (a–c) heat liberation capacity of GNR-PGA, GNR@Pt, and FA-GNR@Pt, respectively; (d) representative images of NIR laser-irradiated mice at various time intervals post-injection; (e) laser irradiated images of whole-body mice treated with GNA@Pt, GNR-PGA, and PBS on day 1, 4, and 7, respectively; (f) graphical representation of bioluminescence imaging (BLI) intensity after laser irradiation; (g) image showing tumor blood vessels perfusion. PBS, cisplatin and GNR-PGA nanoparticles; (h) micro vessel density estimation (MVD) of blood vessels stained with CD-31 antibody on the 7th day after laser irradiation. (C) Cytotoxicity assessment of GNR@Pt on 4T1 cells. (a,b) showed cytotoxicity of FA-GNR@Pt, GNR@Pt, cisplatin, or PGA-GNR on 4T1 cells post 4 h and 24 h incubation, respectively; (c,d) cell viability assessment of 4T1 cells after 4 h and 24 h, respectively, upon exposure to FA-GNR@Pt, GNR@Pt, cisplatin, or PGA-GNR; (e) 4T1 cells were treated with GNR@Pt and laser irradiation to perform a live-apoptosis-dead staining experiment. Adapted from ref. [231] with permission. 
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Figure 7. Challenges associated with nanotheranostics for reaching from lab to clinic; the spectra of challenges include synthesis, controlled physico-chemical properties, safety, and regulations. 
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Table 1. Compilation of several reported studies on using isotropic gold nanoparticles in cancer nanotheranostics and their respective in vitro/in vivo safety assessment.
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	Gold Nanoparticles (Size/ Shape)
	Model System
	Targeted Cancer
	Therapy
	Imaging/Modalities
	Reference





	Gold nanospheres (60 nm)
	Zebrafish
	Prostate cancer
	Plasmonic nanobubble (PNB)
	Scattering
	[73]



	Gold nanobeacons
	MGC-803, tumor bearing mice
	Gastric cancer
	Gene silencing
	Fluorescence
	[74]



	Gold nanobeacons
	MDA-MB-231, tumor-bearing mice
	Breast cancer
	Chemotherapy
	Fluorescence
	[75]



	Gold nanospheres (15 nm)
	A549 cells, Balb/c mice
	Lung cancer
	Gene silencing
	Fluorescence
	[76]



	Gold nanospheres (14 nm)
	MCF-7, BALB/c nude mice
	Breast cancer
	PTT
	CT, PTT imaging
	[77]



	Gold nanospheres (5 nm)
	9L.E29 cells and athymic mice
	Brain cancer
	PDT
	Fluorescence
	[78]



	Gold nanospheres (60 nm)
	HN31 cell line, J32 cells and HNSCC model mouse
	Cells overexpressed EGFR
	PNB
	Photoacoustic imaging
	[79]



	Gold nanospheres (90 nm)
	HT-adenocarcinoma cells, B6 albino mice
	Cells overexpressed EGFR
	Chemotherapy (Raman-drug)
	SERS
	[80]



	Gold nanospheres (33 nm)
	CK, 4T1-GFP, and 2H11 cells,

A/J mice
	Lung cancer
	PTT
	Photoacoustic imaging
	[81]



	Hollow gold nanospheres (40–50 nm)
	HeLa cells, Nude mice
	Cervical cancer
	Gene silencing


	PET
	[82]



	Gold nanoclusters (1 nm)
	A549, HTC116, MDA-MB-231, HepG2 cells and S180-tumor bearing mice model
	Lung, liver, breast, colon cancers
	Chemotherapy
	Fluorescence
	[83]



	Gold nanoparticles

(4 nm, 2 nm)
	A431 cells
	Squamous cell carcinoma
	PTT
	Photoacoustic imaging
	[84]



	Hollow gold nanospheres (37 nm)


	A2780, A549 cells and Swiss mice
	EphB4 expressing tumor cell
	PTT
	SPECT
	[85]



	Iron Oxide-gold nanospheres (6–18 nm)
	SW1222,
	Colorectal cancer
	PTT
	MRI
	[86]







Note: PTT, Photothermal Therapy; PDT, Photodynamic Therapy; CT, Computed Tomography; MRI, Magnetic Resonance Imaging; PET, Positron Emission Tomography; SPECT, Single-Photon Emission Computed Tomography; PNB, Plasmonic Nanobubble; SERS, Surface Enhanced Raman spectroscopy.
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Table 2. Studies on using anisotropic gold nanoparticles in cancer nanotheranostics and their respective in vitro/in vivo safety assessment.
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	Gold Nanoparticles (Size/Shape)
	Model System
	Targeted Cancer
	Therapy
	Imaging/Modalities
	Reference





	Gold nanostars

(25 nm)
	MDA-MB-231, Bel-7402, MCF-7 cell lines and S180 tumor bearing mice
	Cells over-expressed/ under expressed integrins (αvβ3)
	PTT
	Fluorescence
	[23]



	PLGA-Gold nanoshell

(115 nm)
	HT-29 cells and HT-29 tumor-bearing mice
	Colorectal cancer
	PTT
	MRI
	[24]



	Gold nanostars (70 nm)
	Hela cells, MCF-7, breast tumor-bearing mice model
	Breast cancer
	PTT
	Thermal sensing
	[25]



	Gold nanorods
	SKOV3 and A549 cells, nude mice
	Lung cancer
	PTT
	SPECT, CT
	[26]



	Gold Bellflowers (180 nm)
	4T1, HeLa, SCC7 and CHO cells, nude mice
	Breast cancer
	PTT
	Ultrasound,

Photoacoustic
	[99]



	Liposome-Gold nanorods hybrid
	4T1 and HT29
	Breast cancer and colorectal cancer
	Gene silencing
	Multispectral optoacoustic tomography
	[101]



	Gold nanorods

(10:40 nm)
	MDA-MB-231 cell line
	Breast cancer
	NIR-PTT
	Immunofluorescence
	[102]



	Gold-Silica Rattles (150 nm)
	HeLa cells, CD1 mice
	Human cervical cancer
	PTT
	Photoacoustic imaging, MRI, Fluorescence
	[103]



	Gold (20 nm) Gelatin shell (150 nm)
	Glioma bearing mice
	Glioma
	Chemotherapy
	Fluorescence
	[104]



	Gold nanospheres (12 nm) and

Gold nanostars (30 and 60 nm)


	Mice with xenograft sarcomas
	Sarcoma
	PTT
	SERS, CT and

Two-Photon Luminescence
	[105]



	Gold nanorods (10:37 nm)
	HeLa, mouse embryonic fibroblast cells (NIH-3T3), and tumor-bearing mice
	Epithelial carcinoma
	Photoacoustic
	Photoacoustic

Imaging
	[106]



	Gold nanorods (22:47 nm)
	Panc-1 cells, Athymic nude mice (BALB/cASlac-nu)
	Pancreatic carcinoma


	PTT, chemotherapy, gene silencing
	Fluorescence
	[107]



	PEI capped gold nanoparticles
	PC-3
	Prostate cancer
	Gene silencing
	Confocal
	[108]
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Table 3. Described various targeting moieties conjugated to gold nanoparticles for cancer therapy and diagnostics.
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	Targeting Strategies
	Example
	Advantages
	Disadvantages
	References





	Cell-penetrating peptides (CPP)
	Tat Peptide conjugated gold nanoparticles
	
	
CPP (mostly cationic) can penetrate the membrane and subsequently internalize into the cell



	
Low cytotoxicity due to their degradation into amino acids





	
	
Low selectivity for first-generation CPP for cell, tissue, and organ





	[217,218,219]



	Antibody targeted
	C225 conjugated gold nanoparticles
	
	
Provide target specificity and selectivity



	
Higher uptake of nanoparticles due to EGFR receptor present in cancer cells



	
Can also load drugs over nanoparticles





	Lack of knowledge about the interaction between

nanocarriers and biological systems, poor accumulation of nanoparticles at the tumor site, inadequate pharmacokinetics
	[79,220]



	Peptide-based
	GRP-conjugated gold nanoparticles
	
	
Small size, low immunogenicity, lower





manufacturing costs, increased efficiency for infiltrating tumor masses, high stability, and high tunability
	nonspecific uptake is still possible, especially if the target is expressed in healthy cells
	[206,221]



	Small molecules based
	Folate-conjugated gold nanoparticles
	
	
Overexpression of folate receptor in cancer cells



	
Drug loading over nanoparticles for better efficiency





	
	
Target-specific but widely distributed in different organs





	[222,223]
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