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Abstract

:

The meeting and merging between innovative nanotechnological systems, such as nanoparticles, and the persistent need to outperform diagnostic-therapeutic approaches to fighting cancer are revolutionizing the medical research scenario, leading us into the world of nanomedicine. Photothermal therapy (PTT) is a non-invasive thermo-ablative treatment in which cellular hyperthermia is generated through the interaction of near-infrared light with light-to-heat converter entities, such as gold nanoparticles (GNPs). GNPs have great potential to improve recovery time, cure complexity, and time spent on the treatment of specific types of cancer. The development of gold nanostructures for photothermal efficacy and target selectivity ensures effective and deep tissue-penetrating PTT with fewer worries about adverse effects from nonspecific distributions. Regardless of the thriving research recorded in the last decade regarding the multiple biomedical applications of nanoparticles and, in particular, their conjugation with drugs, few works have been completed regarding the possibility of combining GNPs with the cancer-targeted pharmaceutical fluorodeoxyglucose (FDG). This review aims to provide an actual scenario on the application of functionalized GNP-mediated PTT for cancer ablation purposes, regarding the opportunity given by the 18F-fluorodeoxyglucose (18F-FDG) functionalization.
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1. Introduction


Despite many years of research and high financial costs, definitive treatment for cancer remains currently beyond our reach. According to the World Health Organization report, cancer caused the death of 9.6 million people and over 18 million new cancer cases in 2018, ranking as the second cause of death worldwide [1]. Although a vast number of cancer treatments, most notably radiotherapy and chemotherapy, have been developed, these are not without flaws, and patients continue to suffer from side effects, most remarkably due to the highly toxic nature of the chemotherapeutic agents. Furthermore, some types of cancer appear to remain incurable with current radiotherapy and chemotherapy approaches. Because of their potential for early detection, accurate diagnostics, and the possibility for personalized treatment, interest in the application of nanoparticles for in vivo diagnostic and therapeutic purposes has grown over the last decade [2]. Nanotechnology, which has significantly advanced over the last several decades, now provides a new targeted cancer treatment with less harm to surrounding normal cells [3,4]. Because nanoparticles frequently lack pathology-targeting mechanisms, various functional biomolecules have been developed to bind with nanoparticles and make them functional [5]. Many studies have demonstrated that functional nanoparticles are more effective in cancer treatment and cellular targeting, highlighting how gold nanoparticles (GNPs) are very promising candidates for various biomedical applications in cancer diagnostics and therapeutics [6,7,8]. Despite the flourishing research recorded in the last decade regarding the multiple biomedical applications of nanoparticles and, in particular, their conjugation with drugs, the possibility of combining gold nanoparticles with the cancer-targeted molecule fluorodeoxyglucose (FDG) has been less explored. The opportunity to combine effective and specific molecular targeting with cancer-targeted hyperthermia can constitute a time of growth in the process of seeking new, more effective and safer strategies for ablative cancer treatment. This review article aims to provide a summary of the actual applications of functionalized GNP-mediated photothermal therapy (PTT) for cancer ablation purposes. Particular regard is reserved for the analysis of the available gold nanoparticles’ functionalization methods with 18F-fluorodeoxyglucose (18F-FDG).




2. Current Limitations of Conventional Cancer Therapies


The heterogeneous nature of cancer has so far prevented a fully comprehensive approach to effective treatment. Although providing some therapeutic efficacy, conventional approaches are limited by their risk to healthy cells, their potential to destroy the immune system, or by conferring an increased risk for the development of secondary cancer. Conventional treatments have a variety of side effects that cause both physical and psychological stress in patients. Chemotherapeutics produce a wide range of toxicities, including hematotoxicity, cardiotoxicity, gastrointestinal toxicity, neurotoxicity, and nephrotoxicity [9]. These drugs target multiple cells, making it difficult to distinguish between cancerous and normal cells. The intrinsic non-specificity of these drugs restricts their maximum allowable dose. In addition, chemotherapeutics are rapidly eliminated from the body, mostly through renal clearance. Therefore, administration of a high dosage is needed to avoid rapid elimination and for a broader distribution of the drug to the targeted tissues. Ionizing radiation therapy, along with chemotherapy, is a key cancer treatment technique used by more than half of all cancer patients [10,11,12]. Despite advances in medical imaging and radiation sources up to image-guided radiotherapy, limiting the curative dose of radiation to malignant cells while sparing neighboring healthy tissues remains a significant problem [13,14]. Non-ionizing radiation sources, such as microwaves, radiofrequency, and ultrasound, are also used to treat cancer by producing heat. PTT or microwave therapy can destroy malignant cells by producing hyperthermia through the internalization of therapeutic drugs with a high photothermal conversion efficiency when exposed to external laser irradiation. PTT has recently gained a great deal of attention because of its manageable treatment approach, high tumor eradication efficacy, and low adverse effects on healthy cells [6]. Hyperthermia is a medical treatment that involves exposing tissues to slightly greater temperatures than normal in order to attack and eradicate cancer cells. Tumor tissues have an unusually chaotic and sparse circulatory architecture, which makes heat dissipation difficult and makes them more vulnerable to hyperthermia than normal tissue. Cancer cells can be selectively eradicated at temperatures ranging from 40 to 44 °C, when detrimental consequences such as DNA damage, protein denaturation, and cellular membrane disruption occur, resulting in tumor tissue ablation. Traditional hyperthermia treatments administer heat to patients using hot water, microwaves, ultrasound, and radiofrequency radiation. While these approaches heat tumor tissues, they frequently lack selectivity toward healthy tissues [15,16].




3. Gold Nanoparticles for PTT


The scientific literature provides a plethora of valuable approaches for the synthesis of gold nanoparticles with extremely high control over their size, shape, and physiochemical properties. Such a high control can be regarded as the key that opens enormous applicative opportunities since the optoelectronic, catalytic, physical, and textural properties of gold nanoparticles are morphology dependent. The most relevant property of gold nanoparticles, which makes them appealing for biomedical applications, is related to the Localize Surface Plasmon Resonance (LSPR) phenomenon. This is essentially due to the collective oscillation of surface electrons occurring when gold nanoparticles absorb light at a suitable wavelength (called plasmon resonance wavelength), thus resulting in the appearance of an intense peak in their absorption spectrum (plasmon band) [17]. Provided that LSPR conditions occur, light absorption is followed by radiative and non-radiative relaxation processes. The main non-radiative relaxation process is the generation of heat (plasmonic heating), which enables the confining of an extremely high amount of heat at the nanoscale [4]. For this reason, gold nanoparticles can be used as heat nano sources in PTT [18]. To be more precise, when PTT is realized by plasmonic gold nanoparticles, Plasmonic Photothermal Therapy (PPTT) is defined. The efficiency of plasmonic heating is strictly related to the plasmonic properties of the investigated gold nanoparticles, such as the wavelength and intensity of the plasmon band. The position of the plasmon band is strongly affected by the morphology and surface chemistry of gold nanoparticles and can be tuned with suitable synthesis methods and a fully comprehensive approach to post-synthesis functionalization. The synthesis approaches of gold nanoparticles can be categorized into two groups: top-down and bottom-up techniques, respectively. The former includes physical approaches, such as lithography, photochemical, electrochemical, templating, sonochemical, and thermal reduction techniques that rely on the ablation of bulk materials up to reach nanosized structures [19]. Conversely, in bottom-up approaches, gold nanoparticles are synthesized from a suitable inorganic precursor by assembling the nanostructure atom by atom [20]. Among the bottom-up approaches, colloidal synthesis methods are generally preferred because they are affordable, do not require specific and expensive laboratory equipment, and allow for finely controlled size shape and surface chemistry of the resulting nanostructure, according to the desired chemical-physical properties. Besides achieving colloidal gold nanoparticle dispersions with a high degree of monodispersity, colloidal synthesis allows the preparation of nanoparticles with peculiar surface chemistry, characterized by surface functional groups that enable colloidal stability and, remarkably, can be replaced and/or engineered with different functional molecules suitable for the specific application. The Turkevich method and the Brust method are among the most diffused techniques for the colloidal synthesis of spherical gold nanoparticles in a dimensional regime ranging from 5 to 150 nm [19,21]. However, to improve monodispersity, “seed-mediate” techniques are preferred. Seed-mediate techniques are essentially two-step processes, consisting of a first stage devoted to the preparation of Au nuclei (seed) and a second stage where the pre-synthesized nuclei grow in extremely controlled conditions, suited to achieve a uniform size distribution [22]. The reliable medical applications of GNPs in PTT require biocompatible nanostructures able to absorb light in the “biological window,” namely in a wavelength range from 700 nm to 900 nm where biological tissue absorption is low and, thus, the penetration depth of the radiation is high [23]. Such a condition enables, in principle, to ablate deeper tumor sites without affecting the surrounding healthy tissues [4]. This requirement is fulfilled by anisotropic gold nanoparticles such as gold nanorods and gold bipyramids or complex gold nanostructures including nanocubes, nanocages, nanoshells, and nanostars [24] whose main properties will be briefly overviewed in the following section.



3.1. Gold Nanorods


Gold nanorods (GNRs) are among the most utilized gold-based nanostructures, as shown by the considerable development of photothermal strategies based on the GNRs [6]. GNRs are commonly accepted as suitable PTT agents due to their good cell permeability and LSPR properties. Indeed, GNRs exhibit two plasmon resonance peaks: the transverse band and the longitudinal band, respectively [2]. The transverse band is typically centered at 520 nm, while the longitudinal band can be tuned from visible wavelengths to near-infrared (NIR) wavelengths according to the aspect ratio of the GNRs that can be selected a priori in the synthesis step. As the aspect ratio increases, the longitudinal peak shifts toward the NIR region of the absorption spectrum (red-shift) [15]. The most investigated approach for the synthesis of GNRs is a seed-mediated method. It consists of the production of gold seeds by reducing a gold precursor with a strong reducing agent, such as sodium borohydride. The gold seeds are then introduced, a solution of the metal precursor containing a weak reducing agent (e.g., ascorbic acid), a structure-directing agent, and suitable additives to prevent further nucleation and to promote the anisotropic growth of gold-based nanostructures. The dimensions of the obtained GNRs can be controlled by playing on the ratio among the different employed reactants [25]. The longitudinal plasmon band of GNRs shows an intense absorption peak in the NIR wavelength range; accordingly, GNRs are optimal nanoparticles for performing PTT. Indeed, GNRs exhibit a high photothermal efficiency under NIR light that possesses a penetration depth of about 2.5–3 mm; therefore, they are suitable light-to-heat optical transducers for tumor ablation, as will be described in the next sections.




3.2. Gold Nanoshells


Gold nanoshells (GNSs) are spherical nanostructures characterized by dielectric and thin gold layers that alternate, resulting in a complex core-shell dielectric/metal nanostructure. GNSs exhibit peculiar LSPR properties resulting from the coupling strength and energy difference between the plasmon band of the inner shells and the plasmon band of the outer shells. The LSPR wavelength of gold nanoshells can be tuned from visible to NIR by adjusting the dimensional ratio of the core radius and shell thickness. The synthesis of GNSs, although more challenging if compared to the synthesis of gold nanorods, does not require cytotoxic reactants such as CTAB; therefore, GNSs are suitable for biomedical applications such as photothermal therapy. Interesting is the research of Loo et al. [26] and Fekrazad et al. [27] which demonstrated that the modification of GNSs with anti-Human Epidermal Growth Factor Receptor (HER)-2 antibodies such as Herceptin® (Genentech, South San Francisco, CA, USA) allows selective GNS accumulation in breast cancer cells.




3.3. Gold Nanocages


Gold nanocages (GNCs) are a novel class of nanostructures recently developed by Xia et al. [28]. GNCs have a hollow structure with porous walls. By varying the quantity of the gold precursor, the position of the plasmonic signal of the GNCs can be tuned in the range from 600 nm to 1200 nm. The possibility of tuning the surface plasmon resonance position, hollow interiors, and porous walls makes GNCs suitable for PTT and drug delivery [29].




3.4. Other Novel Nanostructures


Further novel nanostructures, gold nanostars (GNSTs) and gold nanopopcorns (GNPCs), are made by an internal core from which spiking extremities point outward, thus providing anisotropy to the whole nanostructure. The size of these extremities drives the optical properties of GNSTs and GNPCs. In particular, the interplay between the plasmons and the plasmons of the core affects the absorption intensity in the NIR wavelength region [30].





4. GNP Engineering for Active Tumor Targeting


One of the main pursuits in achieving a reliable cancer-targeted nanoplatform is to modify the surface of GNPs with biomolecules that are able to ensure biocompatibility and selectively recognize cancer cells [3]. Beyond that, a suitable post-synthesis functionalization procedure is needed to address some shortcomings of GNPs, such as non-specific biodistribution, limited biocompatibility, rapid blood clearance, and scarce colloidal stability in physiological conditions [31]. The molecules selected for post-synthesis functionalization can enable the passive or active targeting of GNPs to specific cancer cells. Passive targeting is possible because of the enhanced permeability and retention effect (EPR). The EPR effect allows gold nanoparticles to load into tumor tissue by benefiting from the permeability of tumor vessels and retention in the tumor bed because of defective lymphatic drainage [32,33]. Because of the leaky nature of immature tumor vasculature, gold nanoparticles can passively accumulate at tumor sites, where they are likely taken into cells via non-specific receptor-mediated endocytosis [34]. Indeed, cancer cells have a higher capacity for endocytosis due to their high metabolic activity compared to normal cells [35]. GNP endocytosis is mainly accomplished through the phagocyte mechanism and non-phagocytic mechanisms (pinocytosis). Even though the EPR effect has been widely exploited to deliver GNPs, recent studies suggest that passive targeting is not as efficient as expected due to inter- and intra-tumoral heterogeneity. This affects the neo-vasculature architecture and the tumor microenvironment [36]. GNPs without targeting agents on their surface accumulate in cancer cells, as well as in healthy cells, thus increasing the possibility of causing unwanted effects. Therefore, to achieve effective tumor ablation by PTT, GNPs must be engineered to differentiate between tumoral and healthy tissues. Accordingly, the functionalization of GNPs with suitable targeted molecules is mandatory to obtain a safe, selective, and effective treatment, to decrease, as much as possible, the power density of the laser, and to minimize the probability of size effects. GNPs are prone to functionalization with several biomolecules, including antibodies, peptides, and nucleic acid aptamers, mainly through the thiol (-SH) and amine (-NH2) groups to identify and connect gold nanoparticles to specific target cells. The ligands selected for active targeting should possess good biocompatibility after binding to the GNP surface and preserving their biological activity [37]. Furthermore, in comparison to single functionalized GNPs, multifunctionalized GNPs have been proven to be better theragnostic agents capable of multimodal imaging diagnosis as well as targeted cancer therapy [38,39]. To even have a chance to reach their target, it has been diffusely reported that GNPs must be concealed from the host’s immune system to avoid their detection and destruction [40,41]. For this purpose, small hydrocarbon chains, PEG, are used for coating to improve GNP biocompatibility and, meanwhile, prevent the formation of clusters. PEGylation can be achieved by replacing the pristine capping agent of nanoparticles with thiol-terminated PEG [42]. Such ligand exchange increases the cellular uptake of GNPs because of the chemical compatibility of PEG toward cellular membranes [43,44]. PEGylation influences pharmacokinetics and cellular uptake dynamics, reducing GNP clearance, cytotoxicity, and immunogenicity, as well as improving GNP plasma circulation time and tumor cell targeting potential [45,46]. In vitro and in vivo studies carried out on breast, liver, prostate, and ovarian cancer showed that PEGylated glucose-coated GNPs are more effective in targeting solid cancer cells, significantly more than surrounding normal cells [47]. Folic acid, a water-soluble vitamin, and a non-immunogenic agent are employed as active targeting molecules and are extensively investigated for the identification of tumor cells [48]. Indeed, the expression of folate receptors in cancer cells in the ovarian, fallopian tube, kidney, lung, and thyroid cancerous tissues outperforms the folate receptor expression of healthy cells. Moreover, epidermal growth factor (EGF) and suitable monoclonal antibodies are regarded as effective targeting agents for the surface modification of GNPs, as they allow the specific recognition of tumor cells [26,49,50,51]. Some relevant examples of GNPs functionalized with targeting agents and used for tumor ablation by PTT are overviewed in the following section.




5. GNPs for Radiotherapy


GNRs offer a versatile framework for incorporating multiple therapeutic modalities. For example, Xu et al. [52] demonstrated chemo-PPTT using doxorubicin (DOX)-GNR complexes. GNRs have also been successfully used in cancer diagnosis bioimaging techniques, such as computed tomography, photoacoustic imaging, and optical coherence tomographic imaging. The radio-sensitizing ability under X-ray irradiation given by a high atomic number (high-Z) of gold gives the possibility to use GNRs for radiotherapy (RT). High-Z enhances X-ray absorption in local tissues, releasing low-energy electrons and consequently more free radicals capable of damaging DNA [53]. Combining RT with PTT, it could be possible to reduce the radiation dose and enhance anti-cancer efficacy: hyperthermia increases the local cancer tissue, softens blood vessels, increases blood circulation and oxygen transport, boosts the sensitivity of hypoxic cancer cells to radiation, and inhibits the mechanism of repair [54]. An example is the study of Sun et al. [55] in which they developed cancer cell membrane-coated gold nanorods (GNR@Mem) for PTT and RT of oral squamous cancer, as well as gold nano-sesame-beads (GNSbs), a gold-nanorod-seeded mesoporous silica nanoparticle [56]. Arginine-glycine-aspartate (RGD)-conjugated GNRs with a layer of silica (RGD-GNRs) and RGD- and ACPP-coated core-shell Au@Se nanocomposites were used to enhance the RT of melanoma cells [57,58], while RGD-conjugated and mesoporous silica-coated GNR (GNRs@mSiO2-RGD) multifunctional nanoprobes were used for RT in MDA-MB-231 triple-negative breast cancer (TNBC) cells [59]. Goserelin-conjugated GNRs [60] and goserelin-conjugated GNRs using erbium (Er)-filtered X-rays were developed for radiosensitization of prostate cancer [61]. Folic acid-conjugated silica-coated GNRs (GNR-SiO2-FA) were realized to selectively target MGC803 gastric cancer cells [62]. Other silica-coated GNRs, folic acid-conjugated silica-coated gold nanorods (GNRs@SiO2-FA), were proposed for the radio sensitization of the hepatocellular carcinoma cell line HepG2 [63]. GNRs loaded with siRNA against the anti-apoptotic sphingo-sine kinase (SphK1) gene were utilized to induce radiation sensitization in patients with head and neck squamous cell cancer (HNSCC) [64].




6. 18F-FDG: Synergistic Targeting Agent and PET Imaging Nanoprobe


Fluorodeoxyglucose has been utilized successfully in cancer imaging by taking advantage of cancer cells’ glucose avidity. Because cancer cells reproduce quickly, they utilize glucose at a greater rate compared to healthy cells. The Warburg effect is the name given to this phenomenon [65]. The glucose analogue 2-(18F)fluoro-2-deoxy-D-glucose (18F-2-FDG) is a well-known positron emission tomography (PET) imaging radiotracer (Figure 1).



The most extensively documented metabolic inhibitor for targeting glucose metabolism is the glucose analogue 2-deoxy-D-glucose (2DG), which inhibits glycolytic ATP generation and glucose transport. Furthermore, 2DG can cause oxidative stress, block N-linked glycosylation, and cause apoptosis through endoplasmic reticulum stress [66]. Some earlier studies described the Warburg effect and discussed the mechanisms underlying 2DG and its potential application in cancer treatment [67,68]. Thus, glucose labeling could be an effective method of facilitating GNP internalization into cells. Recently, 2-deoxy-D-glucose modified PEG-coated nanomaterials were created as a possible dual-targeted drug delivery strategy for boosting drug accumulation in glioma via GLUT-mediated endocytosis and enhancing blood-brain barrier passage by Glut-mediated transcytosis [69]. Suvarna et al. described the synthesis of various capped GNPs, as well as the characterization of the nanoparticles, using various approaches. This study was designed to evaluate the potential biomedical application of gold nanomaterials capped with 2DG and citrate using different reducing agents, portraying 2DG-capped GNPs as better candidates for theranostic application [70]. Unak et al. [71] provided a novel architecture by conjugation of 18F-FDG, GNPs, and anti-metadherin (anti-MTDH) antibody (see Figure 2). This antibody is specific for MTDH, which is a surface protein overexpressed in breast cancer cells. In detail, this paper proposes a route for the preparation of a nano-bioconjugate that merges the radiopharmaceutical with GNPs and the antibody as an active-targeting agent. The preparation strategy consists first of the synthesis of 18F-FDG functionalized through a mannose triflate molecule as a precursor for 18F-FDG by nucleophilic fluorination. The obtained radiopharmaceutical carries a thiol group introduced using cysteamine in the synthesis step. The thiol group promotes the in situ generation of GNRs by the reduction of HAuCl4. The final step of the preparation procedure is the bioconjugation of 18F-FDG functionalized GNPs by generating a covalent bond between the 18F-FDG and the amine groups of the antibody. Roa et al. [72] synthesized a multi-functional, radiosensitizing agent based on thiol-6-fluoro-6-deoxy-d-glucose GNPs (thiol-6-FDG–GNPs). Remarkably, the group of Roa et al. was the first to report the biodistribution, pharmacokinetic evaluation, and toxicological safety of 6-FDG–GNPs both in vitro and in vivo. Moreover, thiol-6-FDG–GNPs were developed with the capability of being labeled by the radioisotope 18F for eventual PET imaging. In comparison with 18F-2-FDG which is poorly absorbed by the intestines and kidneys, the analogue 18F-labeled 6-FDG (18F-6-FDG) is actively transported by the kidneys and intestines. After 2 h of intravenous injection of 6-FDG-GNPs into the murine model, approximately 30% of GNPs were detected in the liver, spleen, and kidney. PEGylation of 6-FDG-GNPs was reported to drastically ameliorate 6-FDG-GNP biodistribution by minimizing inadvertent uptake into these organs, while simultaneously tripling the cellular uptake of gold nanoparticle GNPs in implanted breast MCF-7 cancer. This research intends to replace the 18F atom in the 6-FDG molecule in the future so that it can be used as a PET radiotracer to facilitate cancer detection and image-guided radiation therapy planning. Increased uptake of Glu-GNPs by cancer cells compared to unbound GNPs leads to improved radiotherapeutic cytotoxicity in vitro [72] and contrast enhancement of tumors in computed tomography (CT) imaging [73]. Some investigators have outlined how gold nanomaterials show significantly higher X-ray absorption than iodinated CT agents, thus providing the opportunity of using GNPs to improve the resolution of functional CT and molecular imaging until the micrometer scale. Feng et al. [74] discussed how they employed FDG-coated GNPs as multimodality CT and PET imaging contrast agents. They demonstrated in vitro and in vivo that cancer cells consume PEG-Glu-GNPs at 10 to 100 times higher concentrations than healthy cells and verified that this nano-compound has much better targeting ability than gold nanoparticles without surface modification. By analogy, Hu et al. [47] investigated whether there is any significant difference in targeted treatment due to glucose conjugation, again in GNPs designed as radiosensitizers; they found that Glu-GNPs are better radiosensitizers and enhance the cancer-killing of specific cancer cells 20% more than X-ray irradiation alone. In Table 1, a summary of the main studies is reported.




7. GNP-Mediated PTT for Effective Cancer Ablation


Traditional hyperthermia procedures (photodynamic therapy, radiofrequency hyperthermia, microwave hyperthermia) are still not optimum, since they are not minimally invasive and result in non-specific heat release across the body, which causes unpleasant side effects [75,76]. However, the ability to finely modulate heating around the tumoral zone, which is achieved by photothermal therapy, is highly sought in order to safely optimize hyperthermia. Photothermal therapy is one of the most effective adjuvants to radiotherapy and is a promising approach to eradicate radioresistant cancer cells. Indeed, hyperthermia and PTT, in addition to their direct toxic effect on tumors, can destroy radioresistant malignant cells, such as cancerous cells in hypoxic, low pH areas, and cells in the S-phase, which are primarily responsible for cancer recurrence and malignant dissemination after radiation RT [77,78]. It is worth pointing out that, from a practical point of view, light is an ideal external stimulus, as it can be easily regulated, focused, and remotely controlled to provide better-targeted treatments that lead to less damage to healthy tissues [79,80].



7.1. GNPs for Thermoablation of Cancer Cells


Several investigations have established the efficiency of plasmonic GNPs for the thermal ablation of different cellular types by PTT, as summarized by outstanding reviews [7,81,82,83]. Pitsillides et al. established the usefulness of gold nanoparticle GNPs for thermally induced cellular death: anti-CD8-labeled GNPs were used for the selective targeting and killing of T-cells. However, as discussed in the previous section, an efficient in vivo application of GNP-mediated PTT requires GNPs with plasmon bands lying in the “biological window [84]. The coupled LSPR of nanospheres can be exploited by employing aggregated or assembled systems, as suggested by El-Sayed et al. [51]. According to the study, 30 nm gold nanospheres coated with anti-EGFR may be assembled on cell membranes with upregulated EGFR at high concentrations. When compared to the initial state, the formed nanospheres’ absorption signal was redshifted. (non-assembled nanoparticles). As mentioned in Section 3, anisotropic nanoparticles, such as GNRs [85] or nanobypyramids [86] can absorb light in the biological water window, which is extremely advantageous for PTT-related applications. Zhang et al. investigated in vitro NIR plasmonic photothermal therapy using anti-epidermal growth factor receptor (EFGR)-conjugated GNRs [87]. The GNRs bind selectively to the cytoplasmic membranes of malignant-type cells with EGFR hyperexpression. As a consequence, the malignant cells were killed at roughly half the laser strength required to kill non-malignant cells. Later, the researchers proved the viability of in vivo PTT employing polyethylene glycol (PEG)ylated GNRs, observing a significant size decrease in human squamous carcinoma tumors treated with gold nanorods and photothermal therapy (PTT). By altering the surface of popcorn-shaped GNPs with anti-prostate-specific membrane antigen (PSMA) antibodies, Lu et al. created a targeted PTT agent [30] (Figure 3).



After 30 min of irradiation (785 nm cw laser, 12.5 W/cm2), LNCaP human prostate cancer cells were treated with anti-prostate-specific membrane antigen GNPs and displayed substantial mortality. Furthermore, Black et al. created polydopamine (PD)-coated GNRs [88]. Anti-EGFR antibodies were attached to the PD-coated GNRs, and the anti-EGFR-conjugated, PD-coated GNRs were effectively employed for targeted PTT. Gold nanoparticle GNPs with more complex morphologies were also studied and evaluated for tumor eradication through PTT. Hirsch et al., for example, described the GNS-mediated NIR PTT of tumors using magnetic resonance guidance [89]. They incubated human breast cancer cells with PEGylated GNSs and found that the cells became photothermally ablated after NIR laser irradiation. Furthermore, Au et al. [90] demonstrated that gold nanocage GNCs have a photothermal effect on SK-BR-3 breast cancer cells (Figure 4).



Gold nanocages conjugated with anti-HER-2 antibodies showed selective photothermal destruction of breast cancer cells. Gold nanostars conjugated to drugs have been applied in tumor treatment. When administered intravenously to mice, PEGylated gold nanostars accumulated for 48 h, extravasation was demonstrated, and localized photothermal ablation was reported within 10 min of irradiation [91]. Chen et al. conjugated GNSTs with cyclic peptide-RGD and an anticancer drug (DOX) to show the synergistic effects of PTT and chemotherapy [92]. Relative to GNRs and GNCs, PEGylated nanohexapods demonstrated the greatest tumor uptake and photothermal conversion efficiency. Simón et al. used 800 nm Resonant BioPureTM Gold NS, which is a silica core surrounded by a thin gold shell, for the murine subcutaneous colorectal tumor model [93]. They applied two fractionated PTT protocols, one with two laser treatments and one with four laser treatments. Since in previous studies an unspecific temperature increase of ΔT ~10 °C determined by laser attenuation in the dermal layer was observed [94,95], they swabbed into the tumor glycerol to enhance transdermal laser penetration, obtaining a significant reduction of maximum temperatures reached. The results demonstrated no substantial differences in tumor growth and survival between mice receiving single doses and mice treated with fractionated PTT. Only a few animals receiving fractionated PTT showed the complete disappearance of cancer. Recently, doxorubicin-encapsulated iron-gallic acid (FeGA-DOX) nanoparticles (NPs) were linked with agarose hydrogels (AG) for PTT in osteosarcoma [96], providing an innovative therapeutic tool, while a smart deoxyribose nucleic acid nanogel-coated polydopamine nanosphere hybrid was developed for chemo-PTT for oncological applications [97].



Breast cancer is a flourishing field of research for nanomaterials and PTT. Different studies have been conducted. An innovative advance was the application of a sub-10 nm supramolecular nano assembly of aluminum and indocyanine green with lignosulfonate (LS-Al-ICG) for breast cancer PTT in a murine model [98]. Firstly, it was observed the capacity of aggregation in the tumor site confirmed the high photothermal-conversion effect of LS-Al-ICG. Since PTT can elicit ICD through the release of tumor-associated antigens (TAAs) and damage-associated molecular patterns (DAMPs) liberated by dying tumor cells [99,100], dendritic cell maturation and cytotoxic T-cell responses were stimulated; therefore, the activation of immune responses was seen. A considerable inhibition of tumor growth was evident, but the immunomodulation of the microenvironment improved efficacy for distant tumors as well. In fact, when the volume of distant tumors was measured, a significant reduction resulted, implying that an abscopal effect occurred. In addition, while in previous studies it was demonstrated to have limited effects on CD8+T cell populations using aluminum hydroxide and aluminum phosphate [101], providing an aluminum adjuvant with ICG elicited better cellular immunity. Another application of PTT in breast cancer is the encapsulation of 6-mercaptopurine (6MP) with chitosan nanoparticles (CNPs) loaded with gold nanomaterials. In particular, the effect on cellular proliferation of the human breast carcinoma cell line MCF7 was demonstrated, comparing free 6MP, which produces maximum inhibition of 39% at 100 μM, 6MP-CNPs with an IC50 at 9.3 μM, and 6MP-CNPs reaching 8.7 μM. The encapsulation of 6MP guarantees higher anti-proliferation activity, an augmented intracellular uptake, and thus a reduction of side effects [102]. Hyaluronic acid (HA)-Au@SiO2@Au NPs were proposed for the treatment of bladder and prostate cancers in mice. The tumors in mice disappeared at 15 and 18 days without signs of recurrence, highlighting the excellent targeted photothermal ablation and high biocompatibility [103].



GNRs surrounded by a polymeric shell constructed employing the layer-by-layer approach in which doxorubicin (DOXO) was incorporated and linked to HA (PSS/DOXO/PLL/HA-coated AuNRs) were proposed. The compound provoked cell death mainly through apoptosis in HeLa cells, even in the presence of NIR light irradiation [104]. Polypyrrole, cystine dihydrochloride, and hyaluronan nanoparticles loaded were tested in MDA-MB-231 breast cancer cells and breast tumor-bearing mice. Good photothermal effects, in vitro efficiency-induced apoptosis, and the inhibitory effect on cancer growth in mice models showed the great potential of chemo-photothermal therapy combination [105].




7.2. Lasers in PTT


The distribution of laser flux is an essential element in producing efficient ablative efficiency. Some characteristics, such as laser time and intensity, have been demonstrated to impact cell damage in PTT [106]. Furthermore, lasers in pulsed mode, particularly those with high pulse energy, are commonly associated with significant heating effects, which can have a wide range of implications. Compared to continuous-wave lasers, a pulsed laser with a brief pulse duration delivers more energy to the tissue. Furthermore, because they transfer heat to fluids, pulsed lasers produce a phase change in the water, resulting in the formation of bubbles in the biological system [107]. GNPs treated with a pulsed laser in the cytoplasm were found to create large bubbles. As a result, using pulsed lasers in the presence of GNPs provides the advantage of lowering the pulse laser intensity while maintaining the same effects. The wavelength of the incident light must be chosen carefully for the PTT. Regarding practical uses, the NIR region (650 nm 900 nm) is typically used because it exhibits negligible absorption and scattering by water, hemoglobin, skin, and other biomolecules of tissue components. NIR light penetrates tissue deeply, allowing it to reach deep within the body.





8. Effects of GNPs on the Immune System


The effect of GNPs on the immune system is likely to be dependent on their structure, with one study demonstrating that gold nanoparticle GNPs can induce pro-inflammatory responses depending on their size and other studies demonstrating anti-inflammatory responses [108]. GNPs are generally constructed using cetyltrimethylammonium bromide (CTAB), which is highly toxic and lacks functions for surface modification [109]. The host and cancer tumor biology cooperate in various ways to affect the biological destiny and storage of nanoparticles [110]. They can interact in unforeseen ways with the immune system and the solid tumor microenvironment, eventually, and profoundly affecting performance and tumor response in the setting of immuno-activation [111]. There have been limited studies evaluating nanoparticle destiny and intratumor accumulation across biological models and immune cells or tumor compartments. The presence of immune cells within a well-established solid tumor suggests that immune cells are conducting surveillance and homeostatic roles to aid in the tumor’s growth and maintenance. Our findings suggest that nanoparticle exposure can break up this delicate equilibrium, perhaps allowing for transitory immune detection of the tumor. In an immune-compromised cancer model, the systemic distribution of a nanoparticle design can trigger a complicated immune response that can influence tumor growth regardless of nanoparticle retention [112].




9. Current Limitations of GNPs for PTT


Although GNPs are generally considered biocompatible and non-toxic, the unique property of gold nanomaterials that could have a significant harmful impact is the uncontrolled generation of reactive oxygen species [113,114]. The eventual GNPs’ biological damages are highly dependent on their physicochemical properties. Positively charged GNPs, for example, have been found to have a stronger inflammatory potential than negatively charged or neutral GNPs [115]. In vitro, Yen et al. demonstrated that GNPs, regardless of size, upregulate the proinflammatory gene expression of interleukin-1, interleukin-6, and tumor necrosis factor (TNF-alpha) [116]. A potential drawback of PTT techniques must be searched in the NIR lasers used that, despite being harmless, are characterized by penetration depth still limited in biological tissues, estimated at 2–3 mm. This low depth of penetration would exclude deeper lesions from the possibility of treatment and would consequently require considering only more superficial tumoral tissues (breast, skin, prostate, selected bone, and lymph nodal regions) as candidates for PTT thermal ablation as safe as effective or combined with an endoscopic procedure in the case of endoscopy-detectable lesions. A further issue that represents one of the main concerns of the biomedical application of GNPs is their long-term cytotoxicity. Surface molecules, such as CTAB, which are essential for the colloidal stability or chemical functionalization of gold nanoparticles, can potentially cause toxicity issues. Because of the physicochemical features of NPs, the long-term toxicity of GNPs due to nonspecific absorption in untargeted organs remains unclear. Further extensive research is needed. Data provided by some authors [117,118,119] showed that a relatively large GNP has a negligible quantity of brain uptake measured. Previous research by De Jong et al. indicated that the tissue location of GNPs is size dependent [117], with the smallest (10 nm) GNPs exhibiting widespread organ dispersion. Hirn et al. found a consistent location of gold nanoparticles (1131 nm, hydrodynamic size) throughout various organs [118]. Neither investigation demonstrates blood-brain barrier penetration by GNP > 10 nm. Guerrero et al. [119] conducted an analogous investigation and found that a moderately large gold nanoparticle template (12 nm Au core) radiolabeled with 18F-fluorobenzoate had a similar in vivo distribution to that observed by De Jong et al. and Hirn et al., with a small amount of brain uptake. Nonetheless, other investigations discovered that the time-activity curves of the 18F brain distribution derived from PET imaging demonstrated the cerebellar and cerebral uptake of radiolabeled GNPs with time. Unlike bigger nanoparticles (>12 nm), 3 nm NPs continue to accumulate radioactivity in the cerebellum and brain after 120 min. The tunable optical properties of GNRs are indeed well suited for inducing cell death, but these results, although encouraging, have been achieved in non-realistic conditions, namely in experimental conditions far from the physiological state of the targeted cancer cells. Evidence of minimum to mild chronic inflammation was found in the regions around these nanoparticles, which were classified as foreign bodies [120], albeit the long-term implications of this inflammation were not completely understood [121]. While preliminary studies seem promising in terms of potential cytotoxicity, there are still uncertainties about whether GNPs are finally cleared from the body or if probable long-term repercussions result from nanoparticle storage. 18F-FDG is expected to favor tumor accumulation. However, even in the most favorable case, the percentage of the injected dose is unlikely to be higher than 10% when gold nanomaterials are administered via intravenous injection. As a matter of fact, to date, GNP studies have been carried out in animal models only and generally for not more than six months of follow-up time [6]; therefore, many questions about GNPs’ long-term body clearance and the eventual effects resulting from gold nanomaterial accumulation in specific organs (i.e., liver, spleen, kidneys) over longer time courses are left unanswered and need for further precise investigations.




10. Conclusions


One of the most relevant objectives of current oncological research is succeeding in functional matching between early tumor diagnosis and the precise application of specific effective therapeutic tools. Photothermal plasmonic treatment is a relatively new therapy that might benefit from improved monitoring and evaluation. Even though this treatment has been demonstrated to be beneficial in preclinical studies, the outcome is unpredictable since it is dependent on many biological parameters, including the tumoral distribution of nanoparticles. As a result, the treatment should be personalized, and if no response is obtained, the planning should be modified. Simon et al. established that PET/CT has predictive significance for early PTT therapy evaluation in tumor-bearing mice. Furthermore, 18F-FDG has been used in cancer imaging since many cancers have an enhanced rate of glycolysis due to the Warburg effect when compared to healthy tissue [122]. Previous research indicated that a decrease in 18F-FDG uptake in the tumor after therapy might be considered tumor viability loss and was associated with improved survival. Furthermore, tumors with low baseline uptake or those located near tissues with high glucose metabolism could suffer from inadequate 18F-FDG evaluation. Furthermore, an inflammatory response may be accompanied by increased 18F-FDG uptake, which may influence tracer specificity. Because of their great medical potential, these NPs have piqued the curiosity of the molecular imaging and radiology society. The careful production and testing of these NPs probes utilizing nuclear imaging technologies provides significant insight into their in vivo destiny and potential utility in clinical trials and research. These findings show that size, charge, shape, and surface characteristics are important factors for GNPs’ biocompatibility, safety, and clearance. Few nano substances have made it to the evaluation phase in humans, although several nanoplatforms are in the translation planning stages. In a variety of pre-clinical scenarios, radiolabeled nanoparticles have been studied for SPECT and PET imaging in addition to multimodality MR and optical imaging. Our group has recently developed 99mTc-radiolabeled GNPs, resulting in a theragnostic nanoformulation able to merge the photothermal properties of GNPs with the unique properties of 99mTc-DTPA complex to be used for SPECT imaging. GNPs were modified with keratin molecules to provide biocompatibility and were then radiolabeled by exploiting their affinity with a metal chelator (DTPA). Our proof-of-concept was implemented on a PDMS microfluidic device that mimics the structure and composition of the kidney’s filtering unit (the nephron). The investigation pointed out the dynamic stability of 99mTc-DTPA-Ker-AuNPs, the preservation of the photothermal properties of gold nanoparticles, and the suitability of the 99mTc-DTPA-Ker -GNP as a radiotracer for the SPECT imaging technique. Our study pays the way for the development of new theragnostic strategies potentially able to perform multimodal tumor treatments [123]. Indeed, further studies and integrated strategies for cancer treatment by merging PTT ablation with chemotherapy-selective drug delivery or PTT for radiotherapy sensitization purposes are needed. These accomplishments may open new paths and developments for the goal of facilitating effective, safe, and precise cancer treatment modalities.







Author Contributions


Conceptualization, V.F. and F.P.; methodology, M.P.; data curation, M.S.D.F.; writing—original draft preparation, M.C. and D.D.L.; supervision, G.D.V., R.P. and L.D.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Aminabad, N.S.; Farshbaf, M.; Akbarzadeh, A. Recent Advances of Gold Nanoparticles in Biomedical Applications: State of the Art. Cell Biochem. Biophys. 2019, 77, 123–137. [Google Scholar] [CrossRef] [PubMed]

	



Jain, P.K.; El-Sayed, I.H.; El-Sayed, M.A. Au nanoparticles target cancer. Nano Today 2007, 2, 18–29. [Google Scholar] [CrossRef]

	



De Angelis, B.; Depalo, N.; Petronella, F.; Quintarelli, C.; Curri, M.L.; Pani, R.; Calogero, A.; Locatelli, F.; De Sio, L. Stimuli-responsive nanoparticle-assisted immunotherapy: A new weapon against solid tumours. J. Mater. Chem. B 2020, 8, 1823–1840. [Google Scholar] [CrossRef] [PubMed]

	



Frantellizzi, V.; Conte, M.; Pontico, M.; Pani, A.; Pani, R.; De Vincentis, G. New Frontiers in Molecular Imaging with Superparamagnetic Iron Oxide Nanoparticles (SPIONs): Efficacy, Toxicity, and Future Applications. Nucl. Med. Mol. Imaging 2020, 54, 65–80. [Google Scholar] [CrossRef]

	



Vines, J.B.; Yoon, J.H.; Ryu, N.E.; Lim, D.J.; Park, H. Gold Nanoparticles for Photothermal Cancer Therapy. Front. Chem. 2019, 7, 167. [Google Scholar] [CrossRef] [PubMed]

	



Norouzi, H.; Khoshgard, K.; Akbarzadeh, F. In vitro outlook of gold nanoparticles in photo-thermal therapy: A literature review. Lasers Med. Sci. 2018, 33, 917–926. [Google Scholar] [CrossRef]

	



Chirivì, M.; Bearzi, C.; Rosa, P.; Miglietta, S.; Petronella, F.; De Falco, E.; Calogero, A.; Pani, R.; Petrozza, V.; Perotto, G.; et al. Biomimetic Keratin-Coated Gold Nanoparticles for Photo-Thermal Therapy in a 3D Bioprinted Glioblastoma Tumor Model. Int. J. Mol. Sci. 2022, 23, 9528. [Google Scholar] [CrossRef]

	



Finn, O.J. Cancer Immunology. N. Engl. J. Med. 2008, 358, 2704–2715. [Google Scholar] [CrossRef]

	



Atun, R.; Jaffray, D.A.; Barton, M.B.; Bray, F.; Baumann, M.; Vikram, B.; Hanna, T.P.; Knaul, F.M.; Lievens, Y.; Lui, T.Y.; et al. Expanding global access to radiotherapy. Lancet Oncol. 2015, 16, 1153–1186. [Google Scholar] [CrossRef]

	



Frantellizzi, V.; Cosma, L.; Brunotti, G.; Pani, A.; Spanu, A.; Nuvoli, S.; De Cristofaro, F.; Civitelli, L.; De Vincentis, G. Target Alpha Therapy with Thorium-227. Cancer Biother. Radiopharm. 2020, 35, 437–445. [Google Scholar] [CrossRef] [PubMed]

	



Filippi, L.; Frantellizzi, V.; Chiaravalloti, A.; Pontico, M.; De Feo, M.S.; Corica, F.; Montebello, M.; Schillaci, O.; De Vincentis, G.; Bagni, O. Prognostic and Theranostic Applications of Positron Emission Tomography for a Personalized Approach to Metastatic Castration-Resistant Prostate Cancer. Int. J. Mol. Sci. 2021, 22, 3036. [Google Scholar] [CrossRef] [PubMed]

	



Ngwa, W.; Ouyang, Z. Following the Preclinical Data: Leveraging the Abscopal Effect More Efficaciously. Front. Oncol. 2017, 7, 66. [Google Scholar] [CrossRef]

	



Filippi, L.; Frantellizzi, V.; De Vincentis, G. David versus Goliath: Radiotheranostic nanomedicine as a weapon against melanoma. Cancer Treat Res. Commun. 2021, 29, 100478. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; El-Sayed, M.A. Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy. J. Adv. Res. 2010, 1, 13–28. [Google Scholar] [CrossRef]

	



Xu, X.; Ho, W.; Zhang, X.; Bertrand, N.; Farokhzad, O. Cancer nanomedicine: From targeted delivery to combination therapy. Trends Mol. Med. 2015, 21, 223–232. [Google Scholar] [CrossRef]

	



Petronella, F.; De Biase, D.; Zaccagnini, F.; Verrina, V.; Lim, S.-I.; Jeong, K.-U.; Miglietta, S.; Petrozza, V.; Scognamiglio, V.; Godman, N.P.; et al. Label-free and reusable antibody-functionalized gold nanorod arrays for the rapid detection of Escherichia coli cells in a water dispersion. Environ. Sci. Nano 2022, 9, 3343–3360. [Google Scholar] [CrossRef]

	



Rodrigo, J.A.; Alieva, T. Polymorphic beams and Nature inspired circuits for optical current. Sci. Rep. 2016, 6, 35341. [Google Scholar] [CrossRef]

	



Herizchi, R.; Abbasi, E.; Milani, M.; Akbarzadeh, A. Current methods for synthesis of gold nanoparticles. Artif. Cells Nanomed. Biotechnol. 2016, 44, 596–602. [Google Scholar] [CrossRef]

	



Panahi, Y.; Mohammadhosseini, M.; Nejati-Koshki, K.; Abadi, A.J.; Moafi, H.F.; Akbarzadeh, A.; Farshbaf, M. Preparation, Surface Properties, and Therapeutic Applications of Gold Nanoparticles in Biomedicine. Drug Res. (Stuttg.) 2017, 67, 77–87. [Google Scholar] [CrossRef]

	



Zhao, P.; Li, N.; Astruc, D. State of the art in gold nanoparticle synthesis. Coord. Chem. Rev. 2013, 257, 638–665. [Google Scholar] [CrossRef]

	



Jana, N.R.; Gearheart, L.; Murphy, C.J. Evidence for Seed-Mediated Nucleation in the Chemical Reduction of Gold Salts to Gold Nanoparticles. Chem. Mater. 2001, 13, 2313–2322. [Google Scholar] [CrossRef]

	



Hemmer, E.; Benayas, A.; Légaré, F.; Vetrone, F. Exploiting the biological windows: Current perspectives on fluorescent bioprobes emitting above 1000 nm. Nanoscale Horiz. 2016, 13, 168–184. [Google Scholar] [CrossRef] [PubMed]

	



Kohout, C.; Santi, C.; Polito, L. Anisotropic Gold Nanoparticles in Biomedical Applications. Int. J. Mol. Sci. 2018, 19, 3385. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, N.; Rodrigues, C.F.; Moreira, A.F.; Correia, I.J. Overview of the application of inorganic nanomaterials in cancer photothermal therapy. Biomater. Sci. 2020, 8, 2990–3020. [Google Scholar] [CrossRef]

	



Loo, C.; Lowery, A.; Halas, N.; West, J.; Drezek, R. Immunotargeted nanoshells for integrated cancer imaging and therapy. Nano Lett. 2005, 5, 709–711. [Google Scholar] [CrossRef]

	



Fekrazad, R.; Hakimiha, N.; Farokhi, E.; Rasaee, M.J.; Ardestani, M.S.; Kalhori, K.A.; Sheikholeslami, F. Treatment of oral squamous cell carcinoma using anti-HER2 immunonanoshells. Int. J. Nanomed. 2011, 6, 2749–2755. [Google Scholar] [CrossRef]

	



Sun, Y.; Mayers, B.T.; Xia, Y. Template-Engaged Replacement Reaction:  A One-Step Approach to the Large-Scale Synthesis of Metal Nanostructures with Hollow Interiors. Nano Lett. 2002, 2, 481–485. [Google Scholar] [CrossRef]

	



Chen, J.; Saeki, F.; Wiley, B.J.; Cang, H.; Cobb, M.J.; Li, Z.-Y.; Au, L.; Zhang, H.; Kimmey, M.B.; Li, X.; et al. Gold Nanocages:  Bioconjugation and Their Potential Use as Optical Imaging Contrast Agents. Nano Lett. 2005, 5, 473–477. [Google Scholar] [CrossRef]

	



Lu, W.; Singh, A.K.; Khan, S.A.; Senapati, D.; Yu, H.; Ray, P.C. Gold Nano-Popcorn-Based Targeted Diagnosis, Nanotherapy Treatment, and In Situ Monitoring of Photothermal Therapy Response of Prostate Cancer Cells Using Surface-Enhanced Raman Spectroscopy. J. Am. Chem. Soc. 2010, 132, 18103–18114. [Google Scholar] [CrossRef]

	



Cho, K.; Wang, X.; Nie, S.; Chen, Z.G.; Shin, D.M. Therapeutic nanoparticles for drug delivery in cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2008, 14, 1310–1316. [Google Scholar] [CrossRef] [PubMed]

	



Langer, R. Drug delivery and targeting. Nature 1998, 392, 5–10. [Google Scholar]

	



Thomas, O.S.; Weber, W. Overcoming Physiological Barriers to Nanoparticle Delivery-Are We There Yet? Front. Bioeng. Biotechnol. 2019, 7, 415. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, H. Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues related to its heterogeneity. Adv. Drug Deliv. Rev. 2015, 91, 3–6. [Google Scholar] [CrossRef] [PubMed]

	



Rees, P.; Wills, J.W.; Brown, M.R.; Barnes, C.M.; Summers, H.D. The origin of heterogeneous nanoparticle uptake by cells. Nat. Commun. 2019, 10, 2341. [Google Scholar] [CrossRef] [PubMed]

	



Fang, J.; Nakamura, H.; Maeda, H. The EPR effect: Unique features of tumor blood vessels for drug delivery, factors involved, and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 2011, 63, 136–151. [Google Scholar] [CrossRef]

	



Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer nanotechnology: The impact of passive and active targeting in the era of modern cancer biology. Adv. Drug Deliv. Rev. 2014, 66, 2–25. [Google Scholar] [CrossRef] [PubMed]

	



Dykman, L.A.; Khlebtsov, N.G. Gold nanoparticles in chemo-, immuno-, and combined therapy: Review [Invited]. Biomed. Opt. Express 2019, 10, 3152–3182. [Google Scholar] [CrossRef]

	



Dykman, L.A.; Khlebtsov, N.G. Biomedical Applications of Multifunctional Gold-Based Nanocomposites. Biochemistry 2016, 81, 1771–1789. [Google Scholar] [CrossRef]

	



Grabbe, S.; Landfester, K.; Schuppan, D.; Barz, M.; Zentel, R. Nanoparticles and the immune system: Challenges and opportunities. Nanomedicine 2016, 11, 2621–2624. [Google Scholar] [CrossRef] [PubMed]

	



Gref, R.; Lück, M.; Quellec, P.; Marchand, M.; Dellacherie, E.; Harnisch, S.; Blunk, T.; Müller, R.H. ‘Stealth’ corona-core nanoparticles surface modified by polyethylene glycol (PEG): Influences of the corona (PEG chain length and surface density) and of the core composition on phagocytic uptake and plasma protein adsorption. Colloids Surf. B Biointerfaces 2000, 18, 301–313. [Google Scholar] [CrossRef] [PubMed]

	



Liao, H.; Hafner, J.H. Gold Nanorod Bioconjugates. Chem. Mater. 2005, 17, 4636–4641. [Google Scholar] [CrossRef]

	



Hou, J.; Du, Y.; Zhang, T.; Mohan, C.; Varghese, O.K. PEGylated (NH4)xWO3 nanorod mediated rapid photonecrosis of breast cancer cells. Nanoscale 2019, 11, 10209–10219. [Google Scholar] [CrossRef]

	



Manson, J.; Kumar, D.; Meenan, B.J.; Dixon, D. Polyethylene glycol functionalized gold nanoparticles: The influence of capping density on stability in various media. Gold Bull. 2011, 44, 99–105. [Google Scholar] [CrossRef]

	



Jokerst, J.V.; Lobovkina, T.; Zare, R.N.; Gambhir, S.S. Nanoparticle PEGylation for imaging and therapy. Nanomedicine 2011, 6, 715–728. [Google Scholar] [CrossRef]

	



Saptarshi, S.R.; Duschl, A.; Lopata, A.L. Interaction of nanoparticles with proteins: Relation to bio-reactivity of the nanoparticle. J. Nanobiotechnol. 2013, 11, 26. [Google Scholar] [CrossRef]

	



Hu, C.; Niestroj, M.; Yuan, D.; Chang, S.; Chen, J. Treating cancer stem cells and cancer metastasis using glucose-coated gold nanoparticles. Int. J. Nanomed. 2015, 10, 2065–2077. [Google Scholar] [CrossRef]

	



Lu, J.; Li, Z.; Zink, J.I.; Tamanoi, F. In vivo tumor suppression efficacy of mesoporous silica nanoparticles-based drug-delivery system: Enhanced efficacy by folate modification. Nanomedicine 2012, 8, 212–220. [Google Scholar] [CrossRef]

	



Melancon, M.P.; Lu, W.; Zhong, M.; Zhou, M.; Liang, G.; Elliott, A.M.; Hazle, J.D.; Myers, J.N.; Li, C.; Stafford, R.J. Targeted multifunctional gold-based nanoshells for magnetic resonance-guided laser ablation of head and neck cancer. Biomaterials 2011, 32, 7600–7608. [Google Scholar] [CrossRef]

	



Fernández-Cabada, T.; Pablo, C.S.-L.d.; Pisarchyk, L.; Serrano-Olmedo, J.J.; Ramos-Gómez, M. Optical Hyperthermia Using Anti-Epidermal Growth Factor Receptor-Conjugated Gold Nanorods to Induce Cell Death in Glioblastoma Cell Lines. J. Nanosci. Nanotechnol. 2016, 16, 7689–7695. [Google Scholar] [CrossRef]

	



El-Sayed, I.H.; Huang, X.; El-Sayed, M.A. Selective laser photo-thermal therapy of epithelial carcinoma using anti-EGFR antibody conjugated gold nanoparticles. Cancer Lett. 2006, 239, 129–135. [Google Scholar] [CrossRef]

	



Xu, W.; Wang, J.; Qian, J.; Hou, G.; Wang, Y.; Ji, L.; Suo, A. NIR/pH dual-responsive polysaccharide-encapsulated gold nanorods for enhanced chemo-photothermal therapy of breast cancer. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 103, 109854. [Google Scholar] [CrossRef]

	



Jelveh, S.; Chithrani, D.B. Gold nanostructures as a platform for combinational therapy in future cancer therapeutics. Cancers 2011, 3, 1081–1110. [Google Scholar] [CrossRef]

	



Xie, L.; Zhang, X.; Chu, C.; Dong, Y.; Zhang, T.; Li, X.; Liu, G.; Cai, W.; Han, S. Preparation, toxicity reduction and radiation therapy application of gold nanorods. J. Nanobiotechnol. 2021, 19, 454. [Google Scholar] [CrossRef]

	



Sun, Q.; Wu, J.; Jin, L.; Hong, L.; Wang, F.; Mao, Z.; Wu, M. Cancer cell membrane-coated gold nanorods for photothermal therapy and radiotherapy on oral squamous cancer. J. Mater. Chem. B 2020, 8, 7253–7263. [Google Scholar] [CrossRef]

	



Chen, M.H.; Chen, M.H.; Li, C.Y.; Tung, F.I.; Chen, S.Y.; Liu, T.Y. Using Gold-Nanorod-Filled Mesoporous Silica Nanobeads for Enhanced Radiotherapy of Oral Squamous Carcinoma. Nanomaterials 2021, 11, 2235. [Google Scholar] [CrossRef]

	



Xu, W.; Luo, T.; Li, P.; Zhou, C.; Cui, D.; Pang, B.; Ren, Q.; Fu, S. RGD-conjugated gold nanorods induce radiosensitization in melanoma cancer cells by downregulating α(v)β₃ expression. Int. J. Nanomed. 2012, 7, 915–924. [Google Scholar] [CrossRef]

	



Chang, Y.; He, L.; Li, Z.; Zeng, L.; Song, Z.; Li, P.; Chan, L.; You, Y.; Yu, X.F.; Chu, P.K.; et al. Designing Core-Shell Gold and Selenium Nanocomposites for Cancer Radiochemotherapy. ACS Nano 2017, 11, 4848–4858. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, N.; Yang, Z.; Li, B.; Meng, J.; Shi, Z.; Li, P.; Fu, S. RGD-conjugated mesoporous silica-encapsulated gold nanorods enhance the sensitization of triple-negative breast cancer to megavoltage radiation therapy. Int. J. Nanomed. 2016, 11, 5595–5610. [Google Scholar] [CrossRef]

	



Wolfe, T.; Chatterjee, D.; Lee, J.; Grant, J.D.; Bhattarai, S.; Tailor, R.; Goodrich, G.; Nicolucci, P.; Krishnan, S. Targeted gold nanoparticles enhance sensitization of prostate tumors to megavoltage radiation therapy in vivo. Nanomedicine 2015, 11, 1277–1283. [Google Scholar] [CrossRef]

	



Khoo, A.M.; Cho, S.H.; Reynoso, F.J.; Aliru, M.; Aziz, K.; Bodd, M.; Yang, X.; Ahmed, M.F.; Yasar, S.; Manohar, N.; et al. Radiosensitization of Prostate Cancers In Vitro and In Vivo to Erbium-filtered Orthovoltage X-rays Using Actively Targeted Gold Nanoparticles. Sci. Rep. 2017, 7, 18044. [Google Scholar] [CrossRef] [PubMed]

	



Huang, P.; Bao, L.; Zhang, C.; Lin, J.; Luo, T.; Yang, D.; He, M.; Li, Z.; Gao, G.; Gao, B.; et al. Folic acid-conjugated silica-modified gold nanorods for X-ray/CT imaging-guided dual-mode radiation and photo-thermal therapy. Biomaterials 2011, 32, 9796–9809. [Google Scholar] [CrossRef] [PubMed]

	



Gao, B.; Shen, L.; He, K.W.; Xiao, W.H. GNRs@SiO₂-FA in combination with radiotherapy induces the apoptosis of HepG2 cells by modulating the expression of apoptosis-related proteins. Int. J. Mol. Med. 2015, 36, 1282–1290. [Google Scholar] [CrossRef] [PubMed]

	



Masood, R.; Roy, I.; Zu, S.; Hochstim, C.; Yong, K.T.; Law, W.C.; Ding, H.; Sinha, U.K.; Prasad, P.N. Gold nanorod-sphingosine kinase siRNA nanocomplexes: A novel therapeutic tool for potent radiosensitization of head and neck cancer. Integr. Biol. 2012, 4, 132–141. [Google Scholar] [CrossRef]

	



Kritikou, E. Warburg effect revisited. Nat. Rev. Cancer 2008, 8, 247. [Google Scholar] [CrossRef]

	



Xi, H.; Kurtoglu, M.; Liu, H.; Wangpaichitr, M.; You, M.; Liu, X.; Savaraj, N.; Lampidis, T.J. 2-Deoxy-D-glucose activates autophagy via endoplasmic reticulum stress rather than ATP depletion. Cancer Chemother Pharm. 2011, 67, 899–910. [Google Scholar] [CrossRef] [PubMed]

	



Maximchik, P.; Abdrakhmanov, A.; Inozemtseva, E.; Tyurin-Kuzmin, P.A.; Zhivotovsky, B.; Gogvadze, V. 2-Deoxy-D-glucose has distinct and cell line-specific effects on the survival of different cancer cells upon antitumor drug treatment. FEBS J. 2018, 285, 4590–4601. [Google Scholar] [CrossRef] [PubMed]

	



Pajak, B.; Siwiak, E.; Sołtyka, M.; Priebe, A.; Zieliński, R.; Fokt, I.; Ziemniak, M.; Jaśkiewicz, A.; Borowski, R.; Domoradzki, T.; et al. 2-Deoxy-d-Glucose and Its Analogs: From Diagnostic to Therapeutic Agents. Int. J. Mol. Sci. 2019, 21, 234. [Google Scholar] [CrossRef]

	



Jiang, X.; Xin, H.; Ren, Q.; Gu, J.; Zhu, L.; Du, F.; Feng, C.; Xie, Y.; Sha, X.; Fang, X. Nanoparticles of 2-deoxy-d-glucose functionalized poly(ethylene glycol)-co-poly(trimethylene carbonate) for dual-targeted drug delivery in glioma treatment. Biomaterials 2014, 35, 518–529. [Google Scholar] [CrossRef]

	



Suvarna, S.; Das, U.; Kc, S.; Mishra, S.; Sudarshan, M.; Saha, K.D.; Dey, S.; Chakraborty, A.; Narayana, Y. Synthesis of a novel glucose capped gold nanoparticle as a better theranostic candidate. PLoS ONE 2017, 12, e0178202. [Google Scholar] [CrossRef]

	



Unak, G.; Ozkaya, F.; Medine, E.I.; Kozgus, O.; Sakarya, S.; Bekis, R.; Unak, P.; Timur, S. Gold nanoparticle probes: Design and in vitro applications in cancer cell culture. Colloids Surf. B Biointerfaces 2012, 90, 217–226. [Google Scholar] [CrossRef] [PubMed]

	



Roa, W.; Xiong, Y.; Chen, J.; Yang, X.; Song, K.; Yang, X.; Kong, B.; Wilson, J.; Xing, J.Z. Pharmacokinetic and toxicological evaluation of multi-functional thiol-6-fluoro-6-deoxy-D-glucose gold nanoparticles in vivo. Nanotechnology 2012, 23, 375101. [Google Scholar] [CrossRef] [PubMed]

	



Aydogan, B.; Li, J.; Rajh, T.; Chaudhary, A.; Chmura, S.J.; Pelizzari, C.; Wietholt, C.; Kurtoglu, M.; Redmond, P. AuNP-DG: Deoxyglucose-labeled gold nanoparticles as X-ray computed tomography contrast agents for cancer imaging. Mol. Imaging Biol. 2010, 12, 463–467. [Google Scholar] [CrossRef]

	



Feng, G.; Kong, B.; Xing, J.; Chen, J. Enhancing multimodality functional and molecular imaging using glucose-coated gold nanoparticles. Clin. Radiol. 2014, 69, 1105–1111. [Google Scholar] [CrossRef]

	



Yi, X.; Duan, Q.Y.; Wu, F.G. Low-Temperature Photothermal Therapy: Strategies and Applications. Research 2021, 2021, 9816594. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Bhattarai, P.; Dai, Z.; Chen, X. Photothermal therapy and photoacoustic imaging via nanotheranostics in fighting cancer. Chem. Soc. Rev. 2019, 48, 2053–2108. [Google Scholar] [CrossRef]

	



Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2017, 12, 908–931. [Google Scholar] [CrossRef]

	



Zharov, V.P.; Galitovsky, V.; Viegas, M. Photothermal detection of local thermal effects during selective nanophotothermolysis. Appl. Phys. Lett. 2003, 83, 4897. [Google Scholar] [CrossRef]

	



Terentyuk, G.S.; Maslyakova, G.N.; Suleymanova, L.V.; Khlebtsov, N.G.; Khlebtsov, B.N.; Akchurin, G.G.; Maksimova, I.L.; Tuchin, V.V. Laser-induced tissue hyperthermia mediated by gold nanoparticles: Toward cancer phototherapy. J. Biomed. Opt. 2009, 14, 021016. [Google Scholar] [CrossRef]

	



Rinoldi, C.; Zargarian, S.S.; Nakielski, P.; Li, X.; Liguori, A.; Petronella, F.; Presutti, D.; Wang, Q.; Costantini, M.; De Sio, L.; et al. Nanotechnology-Assisted RNA Delivery: From Nucleic Acid Therapeutics to COVID-19 Vaccines. Small Methods 2021, 5, e2100402. [Google Scholar] [CrossRef]

	



Hwang, S.; Nam, J.; Jung, S.; Song, J.; Doh, H.; Kim, S. Gold nanoparticle-mediated photothermal therapy: Current status and future perspective. Nanomedicine 2014, 9, 2003–2022. [Google Scholar] [CrossRef]

	



Yamada, M.; Foote, M.; Prow, T.W. Therapeutic gold, silver, and platinum nanoparticles. Wiley Interdiscip Rev. Nanomed. Nanobiotechnol. 2015, 7, 428–445. [Google Scholar] [CrossRef]

	



Ban, Q.; Bai, T.; Duan, X.; Kong, J. Noninvasive photothermal cancer therapy nanoplatforms via integrating nanomaterials and functional polymers. Biomater. Sci. 2017, 5, 190–210. [Google Scholar] [CrossRef] [PubMed]

	



Pitsillides, C.M.; Joe, E.K.; Wei, X.; Anderson, R.R.; Lin, C.P. Selective cell targeting with light-absorbing microparticles and nanoparticles. Biophys. J. 2003, 84, 4023–4032. [Google Scholar] [CrossRef] [PubMed]

	



Onaciu, A.; Braicu, C.; Zimta, A.A.; Moldovan, A.; Stiufiuc, R.; Buse, M.; Ciocan, C.; Buduru, S.; Berindan-Neagoe, I. Gold nanorods: From anisotropy to opportunity. An evolution update. Nanomedicine 2019, 14, 1203–1226. [Google Scholar] [CrossRef] [PubMed]

	



Campu, A.; Susu, L.; Orzan, F.; Maniu, D.; Craciun, A.M.; Vulpoi, A.; Roiban, L.; Focsan, M.; Astilean, S. Multimodal Biosensing on Paper-Based Platform Fabricated by Plasmonic Calligraphy Using Gold Nanobypiramids Ink. Front Chem. 2019, 7, 55. [Google Scholar] [CrossRef]

	



Zhang, M.; Kim, H.S.; Jin, T.; Woo, J.; Piao, Y.J.; Moon, W.K. Near-infrared photothermal therapy using anti-EGFR-gold nanorod conjugates for triple negative breast cancer. Oncotarget 2017, 8, 86566–86575. [Google Scholar] [CrossRef]

	



Black, K.C.; Yi, J.; Rivera, J.G.; Zelasko-Leon, D.C.; Messersmith, P.B. Polydopamine-enabled surface functionalization of gold nanorods for cancer cell-targeted imaging and photothermal therapy. Nanomedicine 2013, 8, 17–28. [Google Scholar] [CrossRef]

	



Hirsch, L.R.; Stafford, R.J.; Bankson, J.A.; Sershen, S.R.; Rivera, B.; Price, R.E.; Hazle, J.D.; Halas, N.J.; West, J.L. Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic resonance guidance. Proc. Natl. Acad. Sci. USA 2003, 100, 13549–13554. [Google Scholar] [CrossRef]

	



Au, L.; Zheng, D.; Zhou, F.; Li, Z.Y.; Li, X.; Xia, Y. A quantitative study on the photothermal effect of immuno gold nanocages targeted to breast cancer cells. ACS Nano 2008, 2, 1645–1652. [Google Scholar] [CrossRef]

	



Yuan, H.; Khoury, C.G.; Wilson, C.M.; Grant, G.A.; Bennett, A.J.; Vo-Dinh, T. In vivo particle tracking and photothermal ablation using plasmon-resonant gold nanostars. Nanomedicine 2012, 8, 1355–1363. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Zhang, X.; Dai, S.; Ma, Y.; Cui, S.; Achilefu, S.; Gu, Y. Multifunctional gold nanostar conjugates for tumor imaging and combined photothermal and chemo-therapy. Theranostics 2013, 3, 633–649. [Google Scholar] [CrossRef] [PubMed]

	



Simón, M.; Norregaard, K.; Jørgensen, J.T.; Oddershede, L.B.; Kjaer, A. Fractionated photothermal therapy in a murine tumor model: Comparison with single dose. Int. J. Nanomed. 2019, 14, 5369–5379. [Google Scholar] [CrossRef]

	



Jørgensen, J.T.; Norregaard, K.; Simón Martín, M.; Oddershede, L.B.; Kjaer, A. Non-invasive Early Response Monitoring of Nanoparticle-assisted Photothermal Cancer Therapy Using (18)F-FDG, (18)F-FLT, and (18)F-FET PET/CT Imaging. Nanotheranostics 2018, 2, 201–210. [Google Scholar] [CrossRef] [PubMed]

	



Norregaard, K.; Jørgensen, J.T.; Simón, M.; Melander, F.; Kristensen, L.K.; Bendix, P.M.; Andresen, T.L.; Oddershede, L.B.; Kjaer, A. 18F-FDG PET/CT-based early treatment response evaluation of nanoparticle-assisted photothermal cancer therapy. PLoS ONE 2017, 12, e0177997. [Google Scholar] [CrossRef] [PubMed]

	



Ying, H.; Wang, H.; Jiang, G.; Tang, H.; Li, L.; Zhang, J. Injectable agarose hydrogels and doxorubicin-encapsulated iron-gallic acid nanoparticles for chemodynamic-photothermal synergistic therapy against osteosarcoma. Front. Chem. 2022, 10, 1045612. [Google Scholar] [CrossRef] [PubMed]

	



Zang, S.; Deng, X.; Wang, J.; Zhao, Y.; Wu, S. Smart DNA nanogel coated polydopamine nanoparticle with high drug loading for chemo-photothermal therapy of cancer. Biointerphases 2022, 17, 061006. [Google Scholar] [CrossRef]

	



Fan, X.; Yue, T.; Liu, A.; Xie, X.; Fang, W.; Wei, Y.; Zheng, H.; Zheng, H.; Zhou, M.; Piao, J.; et al. Lignin-assisted construction of sub-10 nm supramolecular self-assembly for photothermal immunotherapy and potentiating anti-PD-1 therapy against primary and distant breast tumors. Asian J. Pharm. Sci. 2022, 17, 713–727. [Google Scholar] [CrossRef]

	



Jin, F.; Qi, J.; Zhu, M.; Liu, D.; You, Y.; Shu, G.; Du, Y.; Wang, J.; Yu, H.; Sun, M.; et al. NIR-Triggered Sequentially Responsive Nanocarriers Amplified Cascade Synergistic Effect of Chemo-Photodynamic Therapy with Inspired Antitumor Immunity. ACS Appl. Mater. Interfaces 2020, 12, 32372–32387. [Google Scholar] [CrossRef]

	



Li, J.; Yu, X.; Jiang, Y.; He, S.; Zhang, Y.; Luo, Y.; Pu, K. Second Near-Infrared Photothermal Semiconducting Polymer Nanoadjuvant for Enhanced Cancer Immunotherapy. Adv. Mater. 2021, 33, e2003458. [Google Scholar] [CrossRef]

	



Zhu, Y.; Xue, J.; Chen, W.; Bai, S.; Zheng, T.; He, C.; Guo, Z.; Jiang, M.; Du, G.; Sun, X. Albumin-biomineralized nanoparticles to synergize phototherapy and immunotherapy against melanoma. J. Control. Release 2020, 322, 300–311. [Google Scholar] [CrossRef]

	



Faid, A.H.; Shouman, S.A.; Badr, Y.A.; Sharaky, M.; Mostafa, E.M.; Sliem, M.A. Gold nanoparticles loaded chitosan encapsulate 6-mercaptopurine as a novel nanocomposite for chemo-photothermal therapy on breast cancer. BMC Chem. 2022, 16, 94. [Google Scholar] [CrossRef] [PubMed]

	



Wang, R.; Du, N.; Jin, L.; Chen, W.; Ma, Z.; Zhang, T.; Xu, J.; Zhang, W.; Wang, X.; Li, M. Hyaluronic Acid Modified Au@SiO(2)@Au Nanoparticles for Photothermal Therapy of Genitourinary Tumors. Polymers 2022, 14, 4772. [Google Scholar] [CrossRef] [PubMed]

	



Arellano-Galindo, L.; Villar-Alvarez, E.; Varela, A.; Figueroa, V.; Fernandez-Vega, J.; Cambón, A.; Prieto, G.; Barbosa, S.; Taboada, P. Hybrid Gold Nanorod-Based Nanoplatform with Chemo and Photothermal Activities for Bimodal Cancer Therapy. Int. J Mol. Sci. 2022, 23, 13109. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.; Zhu, S.; Xu, W.; Jiang, G. Redox-responsive hyaluronan-conjugated polypyrrole nanoparticles targeting chemo-photothermal therapy for breast cancer. Front Bioeng. Biotechnol. 2022, 10, 1049437. [Google Scholar] [CrossRef] [PubMed]

	



Jain, P.K.; Huang, X.; El-Sayed, I.H.; El-Sayed, M.A. Review of Some Interesting Surface Plasmon Resonance-enhanced Properties of Noble Metal Nanoparticles and Their Applications to Biosystems. Plasmonics 2007, 2, 107–118. [Google Scholar] [CrossRef]

	



Huang, X.; Jain, P.K.; El-Sayed, I.H.; El-Sayed, M.A. Plasmonic photothermal therapy (PPTT) using gold nanoparticles. Lasers Med. Sci. 2008, 23, 217–228. [Google Scholar] [CrossRef]

	



Khan, H.A.; Abdelhalim, M.A.; Alhomida, A.S.; Al-Ayed, M.S. Effects of naked gold nanoparticles on proinflammatory cytokines mRNA expression in rat liver and kidney. Biomed. Res. Int. 2013, 2013, 590730. [Google Scholar] [CrossRef]

	



Annesi, F.; Pane, A.; Losso, M.A.; Guglielmelli, A.; Lucente, F.; Petronella, F.; Placido, T.; Comparelli, R.; Guzzo, M.G.; Curri, M.L.; et al. Thermo-Plasmonic Killing of Escherichia coli TG1 Bacteria. Materials 2019, 12, 1530. [Google Scholar] [CrossRef]

	



Levine, B.; Mizushima, N.; Virgin, H.W. Autophagy in immunity and inflammation. Nature 2011, 469, 323–335. [Google Scholar] [CrossRef]

	



Aggarwal, P.; Hall, J.B.; McLeland, C.B.; Dobrovolskaia, M.A.; McNeil, S.E. Nanoparticle interaction with plasma proteins as it relates to particle biodistribution, biocompatibility and therapeutic efficacy. Adv. Drug Deliv. Rev. 2009, 61, 428–437. [Google Scholar] [CrossRef] [PubMed]

	



Korangath, P.; Barnett, J.D.; Sharma, A.; Henderson, E.T.; Stewart, J.; Yu, S.H.; Kandala, S.K.; Yang, C.T.; Caserto, J.S.; Hedayati, M.; et al. Nanoparticle interactions with immune cells dominate tumor retention and induce T cell-mediated tumor suppression in models of breast cancer. Sci. Adv. 2020, 6, eaay1601. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.J.; Hartono, D.; Ong, C.N.; Bay, B.H.; Yung, L.Y. Autophagy and oxidative stress associated with gold nanoparticles. Biomaterials 2010, 31, 5996–6003. [Google Scholar] [CrossRef]

	



Soenen, S.J.; Manshian, B.; Montenegro, J.M.; Amin, F.; Meermann, B.; Thiron, T.; Cornelissen, M.; Vanhaecke, F.; Doak, S.; Parak, W.J.; et al. Cytotoxic effects of gold nanoparticles: A multiparametric study. ACS Nano 2012, 6, 5767–5783. [Google Scholar] [CrossRef]

	



Schaeublin, N.M.; Braydich-Stolle, L.K.; Schrand, A.M.; Miller, J.M.; Hutchison, J.; Schlager, J.J.; Hussain, S.M. Surface charge of gold nanoparticles mediates mechanism of toxicity. Nanoscale 2011, 3, 410–420. [Google Scholar] [CrossRef]

	



Yen, H.J.; Hsu, S.H.; Tsai, C.L. Cytotoxicity and immunological response of gold and silver nanoparticles of different sizes. Small 2009, 5, 1553–1561. [Google Scholar] [CrossRef]

	



De Jong, W.H.; Hagens, W.I.; Krystek, P.; Burger, M.C.; Sips, A.J.; Geertsma, R.E. Particle size-dependent organ distribution of gold nanoparticles after intravenous administration. Biomaterials 2008, 29, 1912–1919. [Google Scholar] [CrossRef] [PubMed]

	



Hirn, S.; Semmler-Behnke, M.; Schleh, C.; Wenk, A.; Lipka, J.; Schäffler, M.; Takenaka, S.; Möller, W.; Schmid, G.; Simon, U.; et al. Particle size-dependent and surface charge-dependent biodistribution of gold nanoparticles after intravenous administration. Eur. J. Pharm. Biopharm. 2011, 77, 407–416. [Google Scholar] [CrossRef]

	



Guerrero, S.; Herance, J.R.; Rojas, S.; Mena, J.F.; Gispert, J.D.; Acosta, G.A.; Albericio, F.; Kogan, M.J. Synthesis and in vivo evaluation of the biodistribution of a 18F-labeled conjugate gold-nanoparticle-peptide with potential biomedical application. Bioconjug. Chem. 2012, 23, 399–408. [Google Scholar] [CrossRef]

	



Falagan-Lotsch, P.; Grzincic, E.M.; Murphy, C.J. One low-dose exposure of gold nanoparticles induces long-term changes in human cells. Proc. Natl. Acad. Sci. USA 2016, 113, 13318–13323. [Google Scholar] [CrossRef]

	



Kong, B.; Seog, J.H.; Graham, L.M.; Lee, S.B. Experimental considerations on the cytotoxicity of nanoparticles. Nanomedicine 2011, 6, 929–941. [Google Scholar] [CrossRef] [PubMed]

	



Simón, M.; Jørgensen, J.T.; Norregaard, K.; Kjaer, A. 18F-FDG positron emission tomography and diffusion-weighted magnetic resonance imaging for response evaluation of nanoparticle-mediated photothermal therapy. Sci. Rep. 2020, 10, 7595. [Google Scholar] [CrossRef] [PubMed]

	



Frantellizzi, V.; Verrina, V.; Raso, C.; Pontico, M.; Petronella, F.; Bertana, V.; Ballesio, A.; Marasso, S.L.; Miglietta, S.; Rosa, P.; et al. 99mTc-labeled keratin gold-nanoparticles in a nephron-like microfluidic chip for photo-thermal therapy applications. Mater. Today Adv. 2022, 16, 100286. [Google Scholar] [CrossRef]








[image: Pharmaceutics 15 00319 g001 550] 





Figure 1. Chemical structure of the glucose analogue 2-(18F)fluoro-2-deoxy-D-glucose. 
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Figure 2. An example of GNP conjugated with the anti-MTDH antibody and labeled with 18F-FDG described in the study of Unak et al. [71]. 
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Figure 3. Popcorn-shaped GNPs with anti-prostate-specific membrane antigen (PSMA) antibodies taken by Lu et al. [30]. 
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Figure 4. Gold nanocages developed by Au et al. [90] for PPT on SK-BR-3 breast cancer. 
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Table 1. GNPs modified with FDG-related molecules for biomedical applications.
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	Author
	GNPs Surface Agent
	Target
	Biomedical

Application





	Roa et al. (2012) [72]
	6-fluoro-6-deoxy-D-glucose
	Breast adenocarcinoma
	Radiosensitizer



	Suvarna et al. (2017) [70]
	2-deoxy-D-glucose
	cancer cell lines such as HepG2, HeLa and HCT 116
	Theragnostic



	Hu et al. (2015) [47]
	Glucose-coating
	Breast adenocarcinoma
	Radiosensitizer



	Jiang et al. (2014) [69]
	PEGylation + 2-deoxy-D-glucose
	Brain glioma
	Drug-delivery



	Unak et al. (2012) [71]
	18F-2-fluoro-2-deoxy-D-glucose + Ab anti-metadherin (MTDH)
	Breast adenocarcinoma
	Theragnostic



	Feng et al. (2014) [74]
	PEGylation + glucose-coating
	BALB/c nude mice
	CT imaging

contrast agent



	Hu et al. (2015) [47]
	Glucose-coating
	Leukemic stem cell line THP-1 and breast cell line MCF-7
	Radiosensitizer
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