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Abstract

:

Multifunctional gold nanorods (GNR) have drawn growing interest in biomedical fields because of their excellent biocompatibility, ease of alteration, and special optical properties. The great advantage of using GNR in medicine is their application to Photothermal therapy (PPTT), which is possible thanks to their ability to turn luminous energy into heat to cause cellular hyperthermia. For this purpose, the relevant articles between 1988 and 2020 were searched in databases such as John Wiley, Free paper, Scopus, Science Direct, and Springer to obtain the latest findings on multifunctional gold nanorods for therapeutic applications and pharmaceutical delivery. In this article, we review recent progress in diagnostic and therapeutic applications of multifunctional GNR, highlighting new information about their toxicity to various cellular categories, oxidative stress, cellular longevity, and their metabolic effects, such as the effect on the energy cycles and genetic structures. The methods for the synthesis and functionalization of GNR were surveyed. This review includes new information about GNR toxicity to various cellular categories and their metabolic effects.
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1. Introduction


Today, nanotechnology scientists have acquired the practical ability to create nanoscale gold particles that have proved to be a “magic tool” in the fight against human diseases. Owing to their extraordinary capacity to capture and scatter light, these gold nanostructures, such as nanospheres, nanorods, nanoshells, nanostars, and nanocages, are of tremendous importance in bio-imaging and disease therapy. Nanorods are defined as structures in nanoscale whose length is two to twenty times longer than their width [1]. There are several reasons why nanorods are relatively superior to spherical particles [2]. Relative to most other types of nanostructures, gold nanorods (GNR) have more significant extinction coefficients and narrower line widths, with higher photothermal conversion efficiencies and better sensitivity to local dielectric constant shifts [3]. These properties have given rise to various exciting possibilities to use GNR for Near-Infrared Resonant (NIR) biomedical imaging methods such as Two-photon lithography (TPL), Photographic Activity Test (PAT), Optical Coherence Tomography (OCT), and X-ray computed tomography (X-ray CT), and for hyperthermic therapy and gene/drug delivery [3,4]. GNR is a platform that allows for mutual understanding of both diagnosis and clinical care in a single program with various diagnostic and therapeutic modalities [5]. Such programs are based on the principle of theranostics, therapy fusion, and diagnostics to maximize the efficiency and health of therapeutic regimes [6] (Figure 1). Theranostic based on GNR can regulate all practical modalities with excellent spatial and temporal precision, which is a significant advantage over other theranostic systems.



Consequently, GNR has proved promising in various biomedical applications, such as imaging, hyperthermic therapy, and drug delivery, due to their flexible surface plasmon and photothermal effects [7,8,9]. These applications can be managed remotely by Near Infrared (NIR) light, penetrating deep into human tissue with limited lateral invasion [10]. GNR, therefore, can integrate medical therapy and clinical treatment into a single framework and act as a theranostic NIR light-mediated network. One instance of the value of rod-like nanostructures was developed by Alivisatos and collaborators [10]. Therefore, the increase in external quantum efficiency is achieved by joining nanorods in poly (3-hexylthiophene) (P3HT) thin films, because the ratio of the problem has been increased from 1 to 10. As the particle ratio increased, the electron concentration also improved. Different work has been carried out to assess the cytotoxicity of GNP due to different surface modifications in human dermal fibroblasts. However, no definitive results have been recorded.



In this paper, the relevant articles between 1988 and 2020 were searched in databases such as John Wiley, Free paper, Scopus, Science Direct, and Springer to obtain the latest findings on multifunctional gold nanorod for therapeutic applications and pharmaceutical delivery. For this goal, cellular metabolic responses, oxidative stress, and cell longevity are also considered. Keywords such as multifunctional gold nanorods, therapeutic applications; cellular metabolic responses; oxidative stress; and cellular longevity are used to search the mentioned databases. Therapeutic applications of multifunctional GNR in Photothermal therapy (PPTT), cancer therapy, and antibacterial activity are discussed; also, the role of GNR in novel delivery systems such as drug delivery vehicles and gene delivery have been studied. Significant results such as GNR cellular metabolic responses and adverse biological effects, multifunctional GNR in cellular longevity, and oxidative stress are mentioned. The articles used included the full length of review articles, abstracts of review articles, and abstracts of original articles that most of the articles used were review articles.



In this article, the methods for the synthesis and functionalization of GNRs were discussed. The applications for hyperthermia therapy, such as drug delivery vehicles and new information about their toxicity to various cellular categories and their metabolic effects, for instance, the effect on the energy cycle and genetic structure, were reviewed (Figure 2).




2. GNR Characteristics


Gold nanomaterials have drawn the interest of material scientists, biomedical scientists, and physicists. These inert nanostructures are gold-based, including typical nanomaterial properties such as surface effect, small size effect, macroscopic quantum tunneling effect, and quantum size effect. Their unique morphology-based optical properties have been extensively used in biosensors, bioimaging, optical information storage, and catalysis. Gold nanomaterials with different morphologies have been synthesized (Au nanospheres [11], Au nanoshells [12], Au nanocubes [13], Au nanoflowers [14], and Au nano triangles [15]) as seen in (Figure 3).



A variety of publications and papers provide comprehensive studies of the optical characteristics of metal particles, including electromagnetic theory, size effects, and light scattering. Textbooks giving thorough treatments include those by van der Hulst [5], Kerker [6], and Bohren and Huffman [7]. More recent work has involved developing robust numerical solutions to the light scattering and extinction by non-spherical structures, including 2D arrays [8]. The review by Kelly et al. provides an excellent overview [9], while several authors cover computational aspects. Biomedical uses of GNR-based nano-carriers are depicted schematically. Biologicals and metallics are examples of nanorods found in nature and industry. There are many demands for using the nanorods manipulation depending on how the nanowire is positioned on the example substratum (Figure 4A–C) [16]. Flexible particles with significant deflection can be pushed, but delicate particles may be harmed if the force hits the stress.



Several published research studies have looked into GNP’s interaction with the skin of various shapes, sizes, and surface changes [17,18,19]. Non-spherical GNP has more than a few benefits, owing to their remarkable photothermal and antibacterial activity such as completed spherical equivalents in skin nanomedicine, skin infection treatment and prognosis, wounds and pores, and skin cancer [20,21,22]. The evaluation of cytotoxicity and non-circular absorption of GNP cells, such as GNR in human dermal fibroblast treatment, has been strongly related in the literature. Pernodet et al. exposed to citrate-covered GNP as the final product of their high absorption of cells, induced significant improvements in the human dermal fibroblast cell exercises [23]. Similarly, cytotoxicity was caused by oxidative stress in human dermal fibroblasts, and it was independent of the size of nanoparticles in spherical GNP application [24].




3. GNR Synthesis


Au nanorods can be synthesized by two different methods of production, which are bottom-up and top-down strategies (Figure 5). Au nanorods are created via nucleation in aqueous and related overgrowth procedures for bottom-up approaches such as microwave-assisted, electrochemical, sonochemical, wet-chemical, solvothermal, and photochemical decline counts. Au salts are commonly utilized to minimize the Au base. This method, including the use by various decreasing operators of reduced watery, solved Au salts, for instance, ascorbic corrosive, sodium borohydride, and small Au clusters, under particular environmental conditions (triggering the reduction of Au salt). The primary method for producing the electrochemical approach of Au nanorods was short. Au and Pt were used as anode and cathode, principally. These anodes can be dissolved in a solution containing a cationic surfactant such as hexadecyltrimethylammonium bromide (CTAB) and a co-surfactant. The length of the nanorods is measured by the position within the structure of a silver plate. The silver metals react to the particles made by the decay of the anode. Typically, the tiny Au nanoparticle seed of 1.5 nm is initially arranged in a watery CTAB arrangement by decreasing chloroauric corrosive with borohydride. The seed arrangement will be combined with production arrangements containing metal salts such as corrosive ascorbic (powerless lessening specialist) and CTAB, a specialist in surfactant-steering. The CTAB will bind to Au nanorods and will shape a bilayer.



The seed-mediated progress method is close to CTAB, and it can produce nanorod yields of up to 99%. It has been determined what kind of Au it is. Consequently, gold nanorods have the probability of being used as thermal therapeutic agents for selective damage to cancer cells, bacterial cells, viruses, and DNA. The user may tune the aspect ratios and equivalent LSPR optical peaks of gold nanorods grown by colloidal seed-mediated growth with the possibility of easy volumetric synthesis scaling. However, this adaptability has downsides since it demands precise control of various factors in various stages of the process. Because of the large number of variables, maintaining response uniformity and repeatability is difficult. Researchers aiming for large-scale in vivo investigations may become frustrated as a result of this.



In the case of NHC (NHC stands for Non-Histone Chromosomal proteins), surface chemistry, the swapping of CTAB or citrate from industrial nanorods with a suitable NHC would be appropriate; however, current ligand exchange methods (Figure 6A) involving the production of free NHCs are unlikely to be effective in aqueous solutions using ligands such as CTAB or citrate [25,26,27,28,29,30,31]. In addition, direct reduction methods for the synthesis of NHC-stabilized nanoparticles have provided only relatively small nanomaterials (15 nm), which are strictly spherical (Figure 6A) [31,32,33,34,35,36,37,38,39]. However, mounting NHCs on gold nanomaterials of any random size and form requires a particular technique. Here we pose an approach to delivering bidentate NHC–thiolate ligands to gold nanorod surfaces overcoming the above limitations and yielding robust nanorods (NHC@Au nanorods, Figure 6). Their strategy leverages the well-established exchange of thiolate ligands on CTAB-stabilized GNR [40] to carry masked NHCs near the surface of the nanorod . Their approach has been to transport masked NHCs near the nanorod surface [41] for stabilized exchange of thiolate ligands in the GNR [40]. The original nanorod size and shape retained in NHC@Au nanorods indicated limited nanorod restructuring from the ligand addition, because installing NHCs by decreasing NHC–gold (i) complexes linked to the nanorod surface would produce stability [30,40,41].



Nevertheless, here they [42,43] prove that this process of ‘atomization’ (Figure 6B) contributes to stable NHC@Au nanorods under a wide variety of harsh conditions, as well as those where conventional NHC and thiol@Au nanorods are unstable. In addition, assays to culture in vitro cells indicate that NHC@Au nanorods are promising materials for laser-induced Partial thromboplastin time (PTT). In this way, the two nanostructures, which reacted with 1,3-dipolar click cycloaddition between acetylene on GNR and an azide group on the silver nanoparticles, are likely to be covalently connected (Figure 6C) [44].



Previous methods include the reduction of NHC-metal complexes (for example, gold) or the displacement of weakly bound ligands (for example, thioether or amine) with free NHCs in preformed or in situ produced (the latter from imidazolium tetrahaloaurate salts). Using meth-188 criteria, it has not been possible to install NHCs on gold nanomaterials with random sizes and shapes. The synthesis of 1-Au@Au thiolate monolayer from 1-Au photoprotection and its subsequent reduction to NHC@Au-i production introduces a new NHC-gold adatom complex on the surface (Figure 7). The resulting stable GNR of bidentate thiolate–NHC have the same size and form as their industrial parent nanorods, and they are resilient against various strict conditions [44,45].




4. GNR Functionalization


Nanomaterials for medical applications require proper functionalization to have biocompatibility and/or recognized properties in a biological environment. CTAB creates a bilayer on the gold nanorod surface, and the repulsion in the quaternary cationic ammonium head has implications in steady GNR in aqueous media [46]. However, CTAB stabilized GNR in serum, and phosphate-buffered saline (PBS) is not constant, with or disadvantaged from media, which may restrict their usefulness in biological applications [47]. In addition, CTAB is obstructive and blocks surface modification access with bioconjugates [48,49]. To this end, many techniques have been investigated to substitute CTAB on nanorod surfaces for biomedical applications or for overcoming CTAB toxicity. One method requires the removal of CTAB from GNR suspensions into chloroform phases containing phosphatidylcholine (PC). Compared to CTAB GNR, the PC-modified GNR presents low cytotoxicity [48,49]. Another option is to use layer-by-layer polyelectrolyte deposition on nanoparticle surfaces to enhance the stability of GNR [50].



The above systems have demonstrated excellent PBS and serum stability, thus maintaining the optical properties. Nevertheless, there is concern about the negative effect of CTAB on the resonance of surface plasmon and the additional coatings. Tian et al., for example, observed that the duration of the electromagnetic decay increases linearly for both nanorod duration and diameter for these polyelectrolyte-functionalized NRs. This is even more important for applications that use GNR for sensors and detectors. Given their high binding affinity to gold, alkanethiols were widely used to replace CTAB molecules [51,52]. The above systems have demonstrated excellent PBS and serum stability, thus maintaining the optical properties. However, some concern remains about the negative effect of CTAB on the resonance of surface plasmon and the additional coatings. Tian et al. observed that for both nanorod duration and diameter for these polyelectrolyte-functionalized NRs the time of the electromagnetic decay increases linearly. This phenomenon is even more important for applications that use GNR for sensors and detectors. Given their high binding affinity to gold, alkanethiols have been widely used to replace CTAB molecules [53]. In this case, N-methyl formamide is extracted from the CTAB and combined with phospholipid-dextran. This method displays flexibility over a variety of values for pH, salt conditions, and serum addition. Even CTAB can be substituted with thiolated ligands [54]. GNRs coated with polyethylene glycol (PEG) are commonly used for biological applications. It is because PEG was discovered to increase nanomaterial circulation time [53] and new formulations [55,56]. Von Maltzahn et al. found that PEG-coated GNR had high stability, relative in vitro non-toxicity, and large-circulation that permits their passive tumor accumulation [57]. Numerous strategies have been informed for the functionalization of PEG on GNR [58,59,60,61]. PEG replaces CTAB through thiolization via a strong sulfur metal bond [62].




5. Therapeutic Applications of Multifunctional GNR


Photothermal Therapy (PPTT)


Several studies have shown GNR, as therapeutic agents, directly target malignant cells, while healthy cells are not affected by laser-induced PPTT. The effectiveness of the photothermal treatment relies on the metal surface’s high electromagnetic fields to convert the energy from the absorbed radiation into heat that damages the cells. PPTT is less harmful to human tissue than traditional chemotherapy used by cancer therapies. In general, it is beneficial to use nanorods for therapeutic PPTT whose entire band of absorption can be altered to the electromagnetic spectrum NIR region because of the more substantial visibility of the tissue in this wavelength system. Provided that the plasmon band’s surface wavelength resonates with the gold nanostructures and can be precisely calibrated to their signature measurements, GNR may be promising, especially when functionalized with an immobilized precise homing agent on the particle surface.



In addition to cancers, PPTT was also applied for other treatment purposes. Norman et al. covalently fused massive conjugation of antibodies to gold nanorods to selectively kill Pseudomonas aeruginosa, the pathogenic Gram-negative pathogen [63]. Gold nanoparticles can be used for direct conjugation with bio-molecules such as antibodies and other biomolecules. Gold nanorods have been stabilized, conjugated to antibodies, and characterized for biological applications. The stabilizing surfactant bilayer which surrounds gold nanorods was replaced by thiol terminated methoxy poly(ethylene glycol) so that the nanorods are stable in buffer solutions free of surfactant. Nanorod bioconjugation was accomplished with a heterobifunctional cross-linker, with antibody activity confirmed by a strip plate assay. Independent measurements of nanorod chips and antibodies determined the biological composition of the nanorods. Being exposed to NIR radiation resulted in a substantial 75% reduction in bacteria cells’ viability, as shown in (Figure 8 and Figure 9). This work allows for a clear solution to bacterial degradation, which is clinically significant. The researchers applied nanorods to a biological medium and provided sample control tests that were not irradiated to check the cell viability. This work may be further enhanced by adding nanorods conjugated with non-specific antibodies to highlight this method’s selectivity. Black et al. showed optional representation and, following degradation of delta-opioid receptor-expressing cells, using deltaorphin-functionalized GNR, a ligand with a strong affinity delta-opioid receptor [64,65]. Cells that did not produce the receptor were left unharmed while subject to slight irradiation. The investigators have clear proof of cancer cell death by irradiation from the photothermal gold nanorod. Since the initial displacement of CTAB is found by using thiol-containing ligands, further analysis of the ligand-m modified GNR will be needed. As long as the killer cells are not irradiated, a small amount of study will still require. Tong et al. studied the causes and existence of the photothermal damage caused to cell-surface receptors by GNR [66]. The research indicates that the gold nanorod’s photothermal activity goes beyond mere hyperthermia and may interfere with other factors that trigger observed blebbing, such as cavitation and calcium inflow.



As a consequence of photothermal radiation, the investigators provide a fascinating mechanistic theory of cell death. It is not evident whether the nanorods were subjected to a physiological condition like PBS or media before inoculation. Still, it can be seen as having a biological meaning in general. Additionally, the connection to a ligand that is not produced through the folate receptors located on the cell’s surface will further reinforce the claim that the receptor is guided by particle interaction.



Because of the EGFR’s overexpression on malignant cells’ surfaces, combining monoclonal antibodies with anti-EGFR will destroy malignant cells, specifically attacking the EGFR molecular marker with less than half the laser intensity needed to kill normal cells. Despite this, light penetration of the tissue is shallow (less than 500 μm) at this wavelength [68,69]. While this could help superficial lesions, it is important to have deeper tissue penetration for in vivo cancer treatment. The NIR portion of the spectrum prepares optimum light penetration due to comparatively less dispersion and absorption from the chromophores found in the tissue. Depending on the type of tissue, the light penetration depth in that area is as high as 10 cm. Nanorods are selected with an aspect ratio of 3.9 for absorption of in vitro plasmonic PPTT corresponding to the area of minimal extinction of human tissue. The GNR absorption band also overlaps the Celsius per Watt (CW) Ti: Red laser sapphire at a wavelength of 800 nm. As already mentioned, the laser focuses on falling to the cells treated with a nanoparticle. The cells are dipped in a PBS buffer for 4 min, then laser-exposed. The cells are painted in trypan-blue to check their viability after irradiation. Dead cells absorb the colors that blue the cells, while the dye molecules resist live cells and remain colorless (Figure 10). Normal and different laser energies irradiate cancer cells. Red laser exposure has caused photo destruction of all standard HaCat cells at 800 nm and above 160 mW (20 W/cm2) [70]. The malignant HSC cells experience a photothermic lesion at lower laser power. Cell death arises at and above 80 mW in laser spots, corresponding to 10 W/cm2. The threshold of death for HSC cells is around half the non-malignant HaCaT cells required to cause cell death. HOC cancer cells also experience photothermal killing at and above 80 mW, although there is no death in the lower-power cells. In this study, all cancer cells consume less than half of the energy needed to kill non-malignant cells. The EGFR molecules expressed over cancer cells and the correspondingly larger anti-EGFR antibody-conjugated GNR attached to EFG receptors. Therefore, these GNR-conjugated antibodies absorb light and turn it into heat on the cell surface and eradicate the cancer cells, while normal cells that do not have these receptors do not develop hyperthermia. The in vitro results suggest that a low-energy, safe, near-infrared laser may be used for cancer cell therapy as a specific and effective photothermal agent. Therefore, the tumor tissue is predicted to be selectively killed by laser energies for further in vivo applications. However, this does not affect the normal tissue surrounding it, owing to the greater concentration of nanorods specifically attached to the tumor tissue. In a mice experiment, therapy is shown as the practicability of near-infrared PPTT in vivo with multifunctional GNR [71]. Subcutaneous xenografts of the squamous cell carcinoma progress in nude mice. MPEG-SH (PEG5000) is conjugated to GNR to develop biocompatibility [55,72,73,74], remove immunogenic reactions, and reduce adsorption of blood vessel’s negative luminous surface. One hundred microliters of PEGylated GNR (OD = 800 = 120) are inserted into the tail vein, and an increased tumor permeability and retention effect (EPR) results in preferential deposition of PEGylated GNR in tumor tissue [65,75]. Silver staining is found 24 h after administration to improve the accumulation of nanorod in the tumor. Then, 15 μL of PEGylated GNR (ODλ = 800 = 40) are injected directly into the tumor interstitium. Tumour administration sites are filled with 10 mM of PBS. Using a thin, lightweight, low-cost, 808 nm (Power Technologies) continuous-wave laser diode, near-infrared PPTT is achieved extracorporeally. In the group in which the nanoparticles were injected intravenously, the mice were kept for 24 h to maximize the accumulation of GNR in the tumor cells, followed by NIR radiation with an intensity of 1.7–1.9 W/cm2 for 10 min. In the group in which the nanoparticles were directly administrated into the tumor, the mice were extracorporeally irradiated by NIR radiation with the same intensity and time. Accumulation of nanorods is managed by NIR transmission imaging following direct and intravenous administration (Figure 11). NIR extinction force line scans revealed limited diffusion for more than 3 min of directly injected particles, with no further production for several hours. NIR-transmission line scans of HSC3 tumor sites, injected with 15 μL of 10 mM PBS, indicate partial extinction leading to excessive tissue density. In comparison, line scans attained after 24 h accumulation of intravenous injection showed almost three times the extinction observed for control sites. The NIR extinction after direct intratumoral injection of GNR was shown to be more than twice that of intravenous administration and more than seven times that of control cells. The average tumor volume rise, reported over 13 days (Figure 11), indicates a decrease of >96 percent in normal tumor growth for directly treated tumors and a decrease of >74 percent in the medium development of intravenously treated HSC-3 xenografts at day 13 (towards tumor control). Resorption over the measuring period of >57% of tumors treated directly and 25% of tumors treated intravenously was also reported. In comparison, none of the control tumors experienced either growth suppression or resorption. The heating output for PPTT treatment was 3.59 ± 0.5 for direct injection and 1.90 ± 0.4 for intravenous injection of PEGylated GNR. Heating output was defined as the ratio of changes in the steady-state temperature in the presence and absence of plasmonic particles. The former value was in accordance with the study of Hirsch et al. reported in vivo PPTT treatments with near-infrared [76]. They inject nanoshells directly into the gold. The observed variations in temperature change by direct and intravenous administration for control treatments correspond well with power density variations. The difference in direct and intravenous PPTT heating output is induced by intravenous injection at a proportionally reduced particulate charge, in accordance with the straight-line scans obtained from NIR transmission images. Although the volume and concentration of particles for intravenous injections are significantly higher, the degree of angiogenesis of the tumor and the reticuloendothelial system (RES) likely limit the aggregation. Treatment selectivity and effectiveness for direct injections were more evident than other methods; nonetheless, both approaches have demonstrated dramatically increased local tumor control.



Multifunctional GNR-PPTT against cancer and bacterial cells has been performed utilizing in vitro and in vivo models [57,70,77,78]. A negligibly obtrusive therapy strategy may be the photothermal solution for inducing hyperthermia to the tumor cell. Often in PPTT, multifunctional GNRs are employed as “theranostic” dealers; this is indeed one of the self-evident aims of biomedical nanorod research. As described above, the NIR mellow GNRs have a more appealing and prominent tunable retention band relative to different gold nanoparticles; for heat treatment, the light is expected to warm enough to the GNR. Notable occlusion and warm elimination of tumor fractions were observed after orchestrated light and intravenous injection into mice of PEG-modified GNR [79,80]. Huang et al. have proposed [70]. The use of GNR for cancer cell slaughter as photothermal restorative specialists. GNR in cancer cell lines has been conjugated with monoclonal antibodies to recognize over-expressed proteins. By contrast, the GNR brooded a non-malignant epithelial cell line, and malignant epithelial cell lines inserted xenografted tumors into nude mice using adapted GNR with polyethylene glycol (PEG). The tumors were lighted at this stage with an 810-nm laser if the temperature had increased to 70 °C after 5 min.



	 (a) 

	
Cancer Therapy







To resolve the limitation that the nanoparticles injected cannot penetrate the tumor mass resulting in insufficient removal and recurrence of the disease [74], cell-mediated distribution of nanoparticles capable of overcoming nearly impermeable biological barriers in many areas of the body [81,82,83], were proposed to enhance the dissemination of in vivo agents and increase the production of photothermal agents. On this basis, Chu et al. used the process of transmission of macrophages [84] for the transport of Au nanorods 7 nm in diameter for cancer therapy (Figure 12). First, they examined the absorption of macrophages, which is essential for photothermal conversion. The tiny gold nanorods showed much higher macrophage uptake and negligible cytotoxicity due to their small size. Compared with the commonly used 14 nm diameter gold nanorods, the small gold nanorods showed much higher macrophage uptake and negligible cytotoxicity due to their small size. Then, the photothermal therapeutic effect was studied by intratumoral injection of 50 µL of PBS (control), free small gold nanorods (105 µg Au) dispersed in 50 µL of PBS or small gold nanorod-laden macrophages. After intratumoral injection, the macrophages may administer small GNR to the entire tumor, resulting in a dramatic improvement in photothermal conversion nearly anywhere in the tumor, with tumor recurrence levels declining relative to free small GNR coated with BSA. Their results offered an efficient means of improving phototherapy efficiency by spreading the agents to entire tumors and increasing nanotechnology’s clinical application for cancer treatment [42].



As proof of the principle, GNR was used as the central plasmonic nanomaterial. In contrast, Sialic acid (SA) was used as a template for Macrophage inflammatory protein (MIP) preparation and targeted cancer cell identification. The principle of cancer-based phototherapy is described in (Figure 13). SA-printed GNR is inserted intravenously into a tumor-bearing mouse. GNR disperse together with the bloodstream within the animal. GNR accumulates exclusively in tumors due to sensitivity to SA. The NIR laser beam (750 nm inside) is guided at the tumor for a certain length. The SA-imprinted GNR consumes the NIR light’s photon energy and transforms it efficiently to heat. Therefore, the heat produced by the GNR explicitly kills the tumor and leaves the healthy tissue around it undamaged. Specific PTT therapies will fully ablate the tumor. This gives a new perspective on targeting PTT cancer.



	 (b) 

	
Antibacterial Activity







Gold nanorod (GNR) suspension Antibacterial activity of gold nanorod suspension (GNR) with specific surface yield characteristics against standard strains of Staphylococcus aureus and Propionibacter-rhymes acne was investigated. The colloidal integrity of GNR suspensions is associated with bacterial growth media and the potential presence of impurities from GNR suspension. Findings revealed that cationic polyallylamine hydrochloride (PAH)-GNR was strongly aggregated relative to other GNR suspensions when presented to bacterial development media. Furthermore, CTAB is most definitely the cause of the antibacterial behavior found in GNR suspensions. Nevertheless, GNR’s antibacterial role itself could not be ruled out. Preparing these two necessary monitoring tests prevents the antibacterial action from misinterpreting nanoparticles and artifacts. Unfortunately, some approaches are generally ignored in published studies, which can clarify the most contradictory results. The study also reveals that GNR can be a practical treatment choice for follicular skin diseases such as acne vulgaris [86,87,88,89].





6. GNR in Novel Pharmaceutical Delivery Systems


	 (a) 

	
Drug Delivery Vehicles







In cancer, the main problem is the mechanisms of professional nanoparticle release. For example, heat transferred from standard material can be combined with GNR to effectively deliver drugs to metal nanoparticles [90], enhancing phototral effects. GNR can discharge biological products and molecules in Yamashita nano thermal devices [91,92,93]. In 2011, PEG-linked Diels–Alder cycloadducts on GNRs were altered to shape a controlled-release structure triggered by retro Diels—GNR suggested the photothermal effect-induced alder reaction. Diels–Alder’s solution is commonly used as a reversible solution to cycloadding to create a cycloadduct between the alkenes and the diene firms. Due to the nature of retro Diels–Birch reaction, PEG chains were thrust through GNR or warm treatment after laser illumination from the gold nanorod surface. PEGylation ensures the GNR can be covered with a thermo-sensitive shell that disperses sedated particles in controlled dispatch. The photothermal effect of gold nanorods actuated by irradiating NIR light induces phase transition of the thermo-responsive polymer [94].



Another example is the polymer-coated GNR, which function as a reservoir of a product with a limited premature release. Then, in the year 2013, Shen et al. [95] modified GNR filled with Doxycycline (DOX) (GNR-Polycaprolactone PCL-b-PEG-DOX), which tend to be used in addition to tumor therapy. This research into chemotherapy and phototherapy tended to be synergy-led. A changed medication is attached to the PEG chain; the controlled-release device should be appropriately identified. It ensures the GNR can be coated with a thermo-sensitive shell that disperses sedated particles. NIR illumination of GNR causes heat, stimulating a region going into the extended form and thus discharges the drug [21].



Platinum (IV) prodrugs were also tied to GNR (Figure 14) [96], which further increased platinum uptake, reduced glutathione-mediated detoxification, and ultimately overcame resistance to cisplatin in lung cancers.



	 (b) 

	
Gene Delivery







The simplicity of changing the level of GNR, the possibility of combining biological drugs and molecules, in addition to their various optical and electronic properties, has attracted the most interest in genes and pharmaceutical applications [95,98]. Adjust in fibrous tissues, Surface plasmon resonance (SPR) products may be regulated [52]. Using interfering RNA is a frequent and commonly established gene silencing technique to prevent protein synthesis by hybridizing short interfering RNA (siRNA) [99]. However, methods for the transmission of siRNA and the control of spatiotemporal operation remain a concern. Bonoiu et al. proposed that GNR may be used to modulate important dopaminergic signaling pathway components with small interfering RNA (siRNA) molecules [100]. To check the penetration of siRNA-conjugated GNR neuronal (DAN) cells in vitro dopaminergic by using cell lysate fluorimetric analysis. They witnessed the DARPP-32 gene being suppressed within DAN cells. They demonstrated that the siRNA conjugated GNR in vitro exhibited substantially higher transmigration efficiency through the blood-brain barrier (BBB) relative to free siRNA, without weakening. The authors previously used fluorescent-labelled siRNA against glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-functionalized GNR to suppress target gene expression in the rat hippocampal CA1 without cytotoxicity [101]. These reports are essential because the brain is an especially distant drug delivery organ. Because the brain is one of the special organs for drug delivery due to the presence of BBB [102], it opens up new treatment options for neurological disorders or brain tumors. Together with the enhanced protein of green fluorescence (EGFP DNA), GNR regulates gene expression in living cells [103]. Based on this property, the GNR will change their shape after NIR photons are absorbed [104]; the NIR illumination of the EGFP DNA-conjugated GNR resulted in a shape transformation, which in turn led to the release of EGFP DNA. GNR encapsulated in graphene oxide nanosheets demonstrated excellent efficiency in delivering DNA to HeLa cells utilizing another technique [105,106]. The multifunctional framework showed how chemotherapy and the silencing of RNA were combined. Conjugated poly (amino ether) GNRs have been used to deliver short hairpin RNA (shRNA) plasmids to silence the luciferase gene expressing the luciferase protein that is constitutively expressed in prostate cancer cells [107].



Similarly, polyamidoamine dendrimer-coated GNR showed high efficiency in delivering the brcaa1-shRNA gene into the MCF-7 breast cancer cell, which has significant inhibitory activity on MCF-7 cell (MCF-7 is the acronym of Michigan Cancer Foundation-7, referring to the institute in Detroit where the cell line was established in 1973 by Herbert Soule and co-workers) growth [108]. In addition, Lee et al. developed and implemented photonic gene circuits utilizing optically-addressable siRNA-AuNR nanoantennas in living cells [109]. The authors pick GNR as nanoantennas in the NIR system, where cells are significantly transparent due to their broad optical absorption cross-section, longitudinal plasma resonance band wide spectral bandwidth, and tunable longitudinal plasma resonance wavelength. GNR can be used in phototherapy and phototherapy because it acts as a controller of the mechanism for the secretion of drugs that cause NIR radiation.



Nanoscale GNR Critical objects are critical to clinical diagnosis. The physical and chemical properties of GNR therapy, including its size, shape, and surface characteristics, are important factors influencing their cytotoxicity. The photothermal effect revealed that double-stranded GNR (dsDNA)-modified by NIR light released the single-stranded DNA (ssDNA) from the gold nanorod surface. The sum released depended on the influence and displayed time of the irradiation [92,110]. The effect was also documented for single-stranded oligonucleotide-coated GNR (Figure 15 and Figure 16) [111].




7. GNR Cellular Metabolic Responses and Adverse Biological Effects


Nanoscale GNRs are essential properties that have important properties, including their size, shape, and surface characteristics, influencing their cytotoxicity. Although the bulk gold is deemed “safe”, the biocompatibility and environmental effects of GNR must be examined. Literature review shows many academic types of research show the effect of various aspect ratios and surface modifications on the cytotoxicity and cell absorption of GNRs by cultured cells. The findings showed that surface chemistry controls the biological toxicity but does not affect the GNR factor ratio. CTAB-GNR can destroy mitochondria with specific aspect ratios and stimulate intracellular reactive oxygen species (ROS) to cause cell apoptosis and autophagy. Intravenous injection of CTAB/PAH GNR causes GNRs to enter tumor tissue through the bloodstream of animals. It remained constant and the other half-life of the GNR was longer. Wan et al. observed that more coating on the administration of CTAB-coated GNR could prevent cytotoxicity and cell death and change the GNR aspect ratio and demonstrate more considerable biological possessions with improved biocompatibility and minimal cytotoxicity [112].



MTT assay with various cell lines shows that the CTAB-capped GNRs were confirmed to be cytotoxic. PEG minimizes GNR cytotoxicity, which is well known to restrict unspecific surface attachment to biological molecules. Analogous cellular uptake studies showed that the PEG-coated GNR uptake was 6 percent compared to the original GNR coated CTAB [113]. Another biocompatible overcoating agent, phosphatidylcholine, reduces the reported cytotoxicity of CTAB-coated GNR. Deshani et al. observed that GNR covered with CTAB and then overcoated with polyelectrolytes show 90 percent cell viability for HeLa cells and cause no change in gene expression levels: only 35 of the 10,000 genes analyzed were slightly down-regulated [114].



In addition to cytotoxicity, specific pharmacokinetic experiments such as biodistribution and metabolism problems need to be discussed for biomedical applications, which, in the case of GNR, has thus far gained less study. This method requires accurate molecular information about the unique intracellular position, cellular absorption, and translocation of GNR to normal and tumor cells, highlighting the significance of metabolomics in determining the biological effects of GNR. The cell’s local mechanical environment is part of a dynamic feedback loop regulating cell metabolism, gene expression, and migrations.



Analysis of the cell lines found that GNR translocated from the lysosome to the mitochondria in most cases but not in all cell lines. Nonetheless, during this cellular translocation, the molecular details remain completely undetermined [115]. Additionally, GNR mediated cell death in the intracellular environment, which was reflected metabolically in lactate levels. GNR also caused oxidizing tension in cell lines. Extreme oxidative stress causes damage to mitochondria resulting in cell death, which is evident in the pronounced decrease in nucleoside levels and nucleotides. Besides, considerably increased amino acids are likely due to the stress hormones released in GNR-treated cells [115].



Although the cytotoxicity analysis did not lead to substantial declines in cell proliferation by GNR-PEG and GNR-Mercaptohexadecanoic acid (MHDA), the expression of stress- and toxicity-related genes was substantially impacted. These gene expression improvements were more critical for GNR-MHDA, which can be attributed to the higher degree of association with serum proteins in the biological media that are likely to be actively shared with various macromolecules until incorporated into the cell environment. In contrast, GNR-MHDA showed a significant interaction with cell membrane uptake for GNR-PEG. If shifts in gene expression continue for prolonged use, the toxicity for chronic GNR-MHDA use is possibly higher [116].



An in vivo study by Li et al. shows the reactivity of Au@Ag NR to inflammation, followed by considerable alterations in metabolism. Based on metabolic profiling, they found changes in dopamine synthesis, redox metabolism, purine metabolism, energy metabolism, choline metabolism, and membrane [117]. The enhancement of the dopamine metabolism on non-neural tissues was first observed and connected with inflammation. The inflammation and injury are demonstrated by histochemical testing of the liver and lung. Inflammatory cells can reside in blood at the periphery. The increase in IL-1β and IL-6 levels following treatment with Au@Ag NRs indicated inflammation [117]. Since such results could not be entirely attributed to GNR, questions regarding the in vivo harmful effects of these intriguing nanorods may escalate more than ever before and should not be restricted to a simple test of the toxicity studies suggested. Another research showed that GNR, which is treated positively or negatively, has various metabolic implications: insignificant cell metabolism disturbances, the cytotoxicity of negatively charged GNR mediated energy metabolism, choline metabolism, hexosamine biosynthesis process, and oxidative stress of cells.



Although the metabolome is more similar to phenotype, it may be suggested that metabolomics be used to understand the metabolic effects of GNR better until they are used for clinical applications.




8. GNR in Oxidative Stress


Despite the growing use of PPT as an efficient cancer therapy, the interaction between chemically induced cell death and thermally induced cell death during the PPT treatment via the formation of reactive oxygen species (ROS) has not been surveyed well. Oxidative stress also has an essential role in cancer, Rheumatoid arthritis, and Alzheimer’s [118,119]. ROS production rates and cellular sites during temperature stress could play a central role in stress perception and protection [120,121]. The endocytosis of spherical NPs by cells is comparatively less poisonous and is relieved more than rod-shaped NPs. Some outcomes contradict each other, and few strong tendencies of information have been determined so far. For example, as they can be the reason for breast cancer cell death because of their shape, among other causes, GNR displays excellent potential in cancer hyperthermia than usual spherical gold nanoparticles [122,123]. This outcome has happened because of the lack of an adequate sample for measuring these relevant attributes [124,125,126,127,128]. The impact of this issue is their impact on the biological method and the remarkable properties of the materials. In this part, the affectations of GNR physicochemical attributes, such as charge, surface chemistry, shape, size, and other factors on the biological system, are reviewed.



	 (a) 

	
Effect of Surface and Shape for the Cellular Response







In cytotoxicity, dose uptake is one factor, and a key issue for toxicological research is cell uptake [129]. Thus, in cytotoxicity, uptake of dosage is one of the agents. For nanoparticles (NPs), many parameters can influence cellular uptake. However, the intracellular uptake mechanism is not apparent, and the outcome has not been achieved. Various investigations have taken place to survey the surface physicochemical attributes that can affect cellular uptake. For example, in cellular uptake, the surface charge has a considerable role, unlike other factors [130,131]. Rapid sorption of serum showed the actual situation of the GNR negatively charged serum-coated appearance before uptaking. However, all GNRs offer similar potential to Zeta.



Protein uptake can affect cell uptake, which discovers the functional diversity of surface-absorbed proteins [132]. Maybe the value of adsorbed proteins is one variation among these GNR. NPs comfort the transmembrane internalization and identify the membrane receivers because, on the surface of NPs, more proteins exist, and they may have better feasibility to subject ligands. Using reducing SDS-PAGE, the value of protein adsorbed by GNR was measured. Protein adsorption on GNR achieves the equilibrium more quickly [133]. Protein uptake in GNR is rapidly balanced. The minimum desirable poly (diallyl dimethyl ammonium chloride) PDDAC-coated GNRs adsorb the least amount of proteins, and more desirable PDDAC-coated GNRs in cellular uptake adsorb more quantity of proteins.



	 (b) 

	
CTAB: The Real Reason for Cytotoxicity for GNR







GNRs were found to be toxic to cells, so a double layer of CTAB molecules coated on the surface of the synthesized GNR [113,134,135]. Nevertheless, the cytotoxicity of GNR reductions was considerable, with major covered negatively charged PSS (Figure 17B,C), which is in agreement with previous investigations [131,134,136].



In addition, a large amount of coating has a positive charge of PDDAC, and this positive charge weakly reduces the toxicity of GNR reduces the toxicity of GNR to a poor rate. Even with the lack of newborn calf serum in the culture medium, the PDDAC and PSS-coated GNR show very high cell growth rates (Figure 1). The ROS rates in MCF cells treated with PDDAC or PSS-coated GNR and the mitochondrial membrane potential show lesser changes (Figure 18). Thus, we can conclude that CTAB molecules have an essential role in the cytotoxicity of GNR.



Even if all GNRs in the laboratory are washed twice, the GNRs have a substantial CTAB value. Extreme washes cause severe aggregation of the GNR in the lack of CTAB from the rod surface because the binding between GNR and CTAB is not as powerful [130]. The source of CTAB-coated-GNR solution was centrifuged. After gathering the supernatant, it was found that it is toxic for cells but in a lesser amount than GNR (Figure 19A). By reproducing CTAB from the GNR surface through a ligand replacement, we found the cytotoxicity of total CTAB. Then, 100 times excess carboxyl PEG-SH was mixed with GNR suspension and sonicated. The achieved PEG-coated GNR display poor cytotoxicity (Figure 19B), which represents an almost complete substitution. To measure the cytotoxicity by the CCK-8 method, the final supernatant was utilized, CTAB, one of the cations and cationic surfactants. Surprisingly, a great can be found for the cell’s livability between treated cells with CTAB-coated-GNR, and these supernatants treated cells (Figure 20A). The result shows that due to CTAB molecules, CTAB-coated GNRs are cytotoxic but not from the GNRs themselves.



	 (c) 

	
Mitochondria Dysfunction of CTAB-Cause for Apoptosis







Mitochondria dysfunction in subcellular rate is done by CTAB, which is one of the cations and cationic surfactants. Inflammatory responses of mitochondria are shown by TEM images (Figure 20B), which include vanishing of cristae, swelling in volume, and enhancing in number.



The swelling of mitochondria is a marker of outer membrane rupture, and the cumulation of the GNR in cells causes organelle edema [138]. Mitochondrial membrane potential (ΔΨm) has an essential role in the electron transition chain and retains the proton slope through the inner mitochondrial membrane. Any infraction over it may cause inducement problems in many metabolic procedures, such as cell cycle regulation, ATP synthesis, and maintenance of mitochondrial integrity. Cells treated by CTAB-coated GNR indicate a fundamental variation in ΔΨm in comparison with control, suggesting distinct mitochondrial damage and depolarization. Vice versa, in cells treated with PDDAC or PSD-coated GNR, lesser injuries are observed.



This matter is attractive despite their major primary uptake capability and poor toxicity, especially for PDDAC-coated GNR. There must be sufficient free CTAB in the suspension of CTAB-coated GNR to retain the dispersion. However, the condition is quite different in the suspension of PDDAC or PSS-coated GNR. After polyelectrolyte coating of GNR, all free suspended CTAB was moved by centrifugation, and polyelectrolyte could stabilize the GNR. The polyelectrolyte coating releases the encapsulated CTAB molecules that cannot break. Thus, the PDDAC- or PSS-coated GNRs investigate minor toxicity because the polyelectrolyte coating to release the encapsulated CTAB molecules cannot fail. Without the suitable subordinate to reduce the artificial polyelectrolyte, the enzymes in lysosomes cannot break the coatings without the suitable subordinate to reduce the artificial polyelectrolyte.



	 (d) 

	
The Cytotoxicity Mechanism and Complete Procedure of GNR Uptake







The mechanism for cytotoxicity and GNR uptake has been shown in Figure 21. In summary, GNRs are quickly coated by serum proteins after being added to the culture medium. The protein coatings cause interference of cellular uptake, likely via receptors caused by the formation of small aggregates. GNR can be transported and accumulated in mitochondria due to coating with some other proteins [137].




9. Prospects for the Future


GNR is an enticing substitute to conventional organic fluorescent colors because they do not photo bleach, diffuse in the transparent and NIR, and are non-toxic in some laboratory circumstances. It seems that intensive research will be carried out over the next several years, based on GNR’s in vivo tests. There is also a fair volume of the literature on in vitro diagnostics. For very different subject cells (e.g., certain malignancies, bacteria), most visualizing operations will be linked to a particular diagnosis, testing, and care. As a function of the size, form, and surface coating of nanorods within the primary cell lines, toxicity and side effects must also be carefully studied for each sample until human subjects can be subjected to these products.



We believe that more insight is needed into how cells and organs work. Suppose the biomedical experts accept GNR as a modern material for in vivo imaging, for longer time scales and less history than the existing fluorescent samples. In that case, we believe that more insight will be gained on how cells and organs work with others internally and externally. It would appear that expanded collaboration among researchers in biology, medicine, nanoscience, and nanotechnology will provide new fundamental insights into biological processes.




10. Conclusions


GNR appears to be promising materials for drug delivery and photothermal therapy. The ease with which the materials may be synthesized in water, their degree of size and shape control, and hence optical property control, and the capacity to alter the surface chemistry are all advantages for biomedical applications. Several methods are used to synthesize GNR, among which the bottom-up method is considered a very effective method for the synthesis of nanorod particles. However, the top-down approach is time consuming and costly for the mechanical part. We summarized that the efficacy of nanorods is unambiguously dependent on the component nanorod proportion, degree division, polydispersity, and implementation. Despite the promising future of GNR in biological fields, several fundamental challenges need to be addressed. Understanding how gold GNR basic components affect cellular response is critical in moving gold nanomaterials beyond research novelty and into the realm of therapeutic treatment.



The environmental and biological impacts of the chemical and metabolic remnants of GNR-based products were rarely studied. Therefore, the cytotoxicity and cell absorption of GNR by cultured cells and mice was reviewed in-depth. Analysis of the cell lines found that GNR translocated from the lysosome to the mitochondria in most cases but not in all cell lines. Additionally, GNR mediated cell death in the intracellular environment, which was reflected metabolically in lactate levels. GNR also caused oxidizing tension in cell lines. Extreme oxidative stress causes damage to mitochondria resulting in cell death, which is evident in the pronounced decrease in nucleoside levels and nucleotides. Besides, considerably increased amino acids are likely due to the stress hormones released in GNR-treated cells. It seems that intensive research will be carried out over the next several years, based on GNR’s in vivo tests. There is also a fair volume of the literature on in vitro diagnostics. For very different subject cells (e.g., certain malignancies, bacteria), most of the visualizing operation will be linked to a particular diagnosis, testing, and care. As a function of the size, form, and surface coating of nanorods within the primary cell lines, toxicity and side effects must also be carefully studied for each sample until human subjects can be subjected to these products.







Author Contributions


Conceptualization, S.M.M.; writing—original manuscript, S.M., K.Y., A.G. and other authors; writing—review and editing, S.M.M. and W.-H.C., G.B., S.R., N.O., A.A.; visualization, S.A.H.; supervision, S.M.M. and W.-H.C.; funding acquisition, W.-H.C. All authors have read and agreed to the published version of the manuscript.




Funding


Ministry of Science and Technology of Taiwan (MOST Grant no. MOST 107-2628-E-011-002-MY3, 109-2923-E-011-003-MY3, and 109-NU -E-011-001-NU).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available in a publicly accessible repository.




Conflicts of Interest


The authors declare that there is no conflict of interest that would prejudice the impartiality of this scientific work.




References


	



Murphy, C.J.; Thompson, L.; Chernak, D.J.; Yang, J.A.; Sivapalan, S.T.; Boulos, S.P.; Huang, J.; Alkilany, A.; Sisco, P.N. Gold nanorod crystal growth: From seed-mediated synthesis to nanoscale sculpting. Curr. Opin. Colloid Interface Sci. 2011, 16, 128–134. [Google Scholar] [CrossRef]

	



Link, S.; El-Sayed, M.A. Spectral properties and relaxation dynamics of surface plasmon electronic oscillations in gold and silver nanodots and nanorods. J. Phys. Chem. B 1999, 103, 8410–8426. [Google Scholar] [CrossRef]

	



Sailor, M.J.; Park, J.-H. Hybrid Nanoparticles for Detection and Treatment of Cancer. Adv. Mater. 2012, 24, 3779–3802. [Google Scholar] [CrossRef] [PubMed]

	



Xie, J.; Lee, S.; Chen, X. Nanoparticle-based theranostic agents. Adv. Drug Deliv. Rev. 2010, 62, 1064–1079. [Google Scholar] [CrossRef]

	



Ke, L.; Zhang, C.; Liao, X.; Rees, T.W.; Chen, Y.; Zhao, Z.; Ji, L.; Chao, H. Mitochondria-targeted Ir@ AuNRs as bifunctional therapeutic agents for hypoxia imaging and photothermal therapy. Chem. Commun. 2019, 55, 10273–10276. [Google Scholar] [CrossRef]

	



Zhang, Z.; Wang, J.; Chen, C. Gold Nanorods Based Platforms for Light-Mediated Theranostics. Theranostics 2013, 3, 223–238. [Google Scholar] [CrossRef]

	



Boulais, É.; Lachaine, R.; Meunier, M. Plasma-Mediated Nanocavitation and Photothermal Effects in Ultrafast Laser Irradiation of Gold Nanorods in Water. J. Phys. Chem. C 2013, 117, 9386–9396. [Google Scholar] [CrossRef]

	



Bahrani, S.; Hashemi, S.A.; Mousavi, S.M.; Azhdari, R. Zinc-based metal–organic frameworks as nontoxic and biodegradable platforms for biomedical applications: Review study. Drug Metab. Rev. 2019, 51, 356–377. [Google Scholar] [CrossRef]

	



Raeisi, F.; Raeisi, E. Mini review of polysaccharide nanoparticles and drug delivery process. Adv. Appl. NanoBio-Technol. 2020, 1, 33–44. [Google Scholar]

	



Mutiso, R.M.; Sherrott, M.C.; Rathmell, A.R.; Wiley, B.; Winey, K.I. Integrating Simulations and Experiments To Predict Sheet Resistance and Optical Transmittance in Nanowire Films for Transparent Conductors. ACS Nano 2013, 7, 7654–7663. [Google Scholar] [CrossRef]

	



Link, S.; El-Sayed, M.A. Size and Temperature Dependence of the Plasmon Absorption of Colloidal Gold Nanoparticles. J. Phys. Chem. B 1999, 103, 4212–4217. [Google Scholar] [CrossRef]

	



Sun, Y.; Xia, Y. Increased Sensitivity of Surface Plasmon Resonance of Gold Nanoshells Compared to That of Gold Solid Colloids in Response to Environmental Changes. Anal. Chem. 2002, 74, 5297–5305. [Google Scholar] [CrossRef]

	



Sun, Y.; Xia, Y. Mechanistic Study on the Replacement Reaction between Silver Nanostructures and Chloroauric Acid in Aqueous Medium. J. Am. Chem. Soc. 2004, 126, 3892–3901. [Google Scholar] [CrossRef]

	



Lu, L.; Ai, K.; Ozaki, Y. Environmentally Friendly Synthesis of Highly Monodisperse Biocompatible Gold Nanoparticles with Urchin-like Shape. Langmuir 2008, 24, 1058–1063. [Google Scholar] [CrossRef]

	



Yang, Z.; Li, Z.; Lu, X.; He, F.; Zhu, X.; Ma, Y.; He, R.; Gao, F.; Ni, W.; Yi, Y. Controllable Biosynthesis and Properties of Gold Nanoplates Using Yeast Extract. Nano-Micro Lett. 2016, 9, 5. [Google Scholar] [CrossRef]

	



Fereidoon, A.; Moradi, M.; Sadeghzadeh, S. Manipulation of Nanorods on Elastic Substrate, Modeling and Analysis. Nanorods 2012, 197. [Google Scholar] [CrossRef]

	



Lee, O.; Jeong, S.H.; Shin, W.U.; Lee, G.; Oh, C.; Son, S.W. Influence of surface charge of gold nanorods on skin penetration. Ski. Res. Technol. 2012, 19, e390–e396. [Google Scholar] [CrossRef]

	



Fernandes, R.; Smyth, N.R.; Muskens, O.; Nitti, S.; Heuer-Jungemann, A.; Ardern-Jones, M.R.; Kanaras, A.G. Interactions of Skin with Gold Nanoparticles of Different Surface Charge, Shape, and Functionality. Small 2014, 11, 713–721. [Google Scholar] [CrossRef]

	



Sonavane, G.; Tomoda, K.; Sano, A.; Ohshima, H.; Terada, H.; Makino, K. In vitro permeation of gold nanoparticles through rat skin and rat intestine: Effect of particle size. Colloids Surf. B Biointerfaces 2008, 65, 1–10. [Google Scholar] [CrossRef]

	



Haine, A.T.; Niidome, T. Gold Nanorods as Nanodevices for Bioimaging, Photothermal Therapeutics, and Drug Delivery. Chem. Pharm. Bull. 2017, 65, 625–628. [Google Scholar] [CrossRef]

	



Mahmoud, N.N.; Hikmat, S.; Abu Ghith, D.; Hajeer, M.; Hamadneh, L.; Qattan, D.; Khalil, E.A. Gold nanoparticles loaded into polymeric hydrogel for wound healing in rats: Effect of nanoparticles’ shape and surface modification. Int. J. Pharm. 2019, 565, 174–186. [Google Scholar] [CrossRef]

	



Safwat, M.A.; Soliman, G.M.; Sayed, D.; Attia, M.A. Fluorouracil-Loaded Gold Nanoparticles for the Treatment of Skin Cancer: Development, in Vitro Characterization, and in Vivo Evaluation in a Mouse Skin Cancer Xenograft Model. Mol. Pharm. 2018, 15, 2194–2205. [Google Scholar] [CrossRef]

	



Pernodet, N.; Fang, X.; Sun, Y.; Bakhtina, A.; Ramakrishnan, A.; Sokolov, J.; Ulman, A.; Rafailovich, M. Adverse Effects of Citrate/Gold Nanoparticles on Human Dermal Fibroblasts. Small 2006, 2, 766–773. [Google Scholar] [CrossRef]

	



Mateo, D.; Morales, P.; Ávalos, A.; Haza, A.I. Comparative cytotoxicity evaluation of different size gold nanoparticles in human dermal fibroblasts. J. Exp. Nanosci. 2015, 10, 1–17. [Google Scholar] [CrossRef]

	



Richter, C.; Schaepe, K.; Glorius, F.; Ravoo, B.J. Tailor-made N-heterocyclic carbenes for nanoparticle stabilization. Chem. Commun. 2014, 50, 3204–3207. [Google Scholar] [CrossRef]

	



Ferry, A.; Schaepe, K.; Tegeder, P.; Richter, C.; Chepiga, K.M.; Ravoo, B.J.; Glorius, F. Negatively Charged N-Heterocyclic Carbene-Stabilized Pd and Au Nanoparticles and Efficient Catalysis in Water. ACS Catal. 2015, 5, 5414–5420. [Google Scholar] [CrossRef]

	



Rühling, A.; Schaepe, K.; Rakers, L.; Vonhören, B.; Tegeder, P.; Ravoo, B.J.; Glorius, F. Modular Bidentate Hybrid NHC-Thioether Ligands for the Stabilization of Palladium Nanoparticles in Various Solvents. Angew. Chem. Int. Ed. 2016, 55, 5856–5860. [Google Scholar] [CrossRef]

	



Ernst, J.B.; Muratsugu, S.; Wang, F.; Tada, M.; Glorious, F. Tunable heterogeneous catalysis: N-heterocyclic carbenes as ligands for supported heterogeneous Ru/K-Al2O3 catalysts to tune reactivity and selectivity. J. Am. Chem. Soc. 2016, 138, 10718–10721. [Google Scholar] [CrossRef]

	



Cao, Z.; Kim, D.; Hong, D.; Yu, Y.; Xu, J.; Lin, S.; Wen, X.; Nichols, E.; Jeong, K.; Reimer, J.A.; et al. A Molecular Surface Functionalization Approach to Tuning Nanoparticle Electrocatalysts for Carbon Dioxide Reduction. J. Am. Chem. Soc. 2016, 138, 8120–8125. [Google Scholar] [CrossRef]

	



Hurst, E.C.; Wilson, K.; Fairlamb, I.J.S.; Chechik, V. N-Heterocyclic carbene coated metal nanoparticles. New J. Chem. 2009, 33, 1837–1840. [Google Scholar] [CrossRef]

	



Möller, N.; Rühling, A.; Lamping, S.; Hellwig, T.; Fallnich, C.; Ravoo, B.J.; Glorius, F. Stabilization of High Oxidation State Upconversion Nanoparticles by N-Heterocyclic Carbenes. Angew. Chem. Int. Ed. 2017, 56, 4356–4360. [Google Scholar] [CrossRef] [PubMed]

	



Lara, P.; Rivada-Wheelaghan, O.; Conejero, S.; Poteau, R.; Philippot, K.; Chaudret, B. Ruthenium Nanoparticles Stabilized by N-Heterocyclic Carbenes: Ligand Location and Influence on Reactivity. Angew. Chem. 2011, 123, 12286–12290. [Google Scholar] [CrossRef]

	



Song, S.G.; Satheeshkumar, C.; Park, J.; Ahn, J.; Premkumar, T.; Lee, Y.; Song, C. N-Heterocyclic Carbene-Based Conducting Polymer–Gold Nanoparticle Hybrids and Their Catalytic Application. Macromolecules 2014, 47, 6566–6571. [Google Scholar] [CrossRef]

	



Crespo, J.; Guari, Y.; Ibarra, A.; Larionova, J.; Lasanta, T.; Laurencin, D.; López-De-Luzuriaga, J.M.; Monge, M.; Olmos, M.E.; Richeter, S. Ultrasmall NHC-coated gold nanoparticles obtained through solvent free thermolysis of organometallic Au(i) complexes. Dalton Trans. 2014, 43, 15713–15718. [Google Scholar] [CrossRef]

	



MacLeod, M.J.; Johnson, J.A. PEGylated N-heterocyclic carbene anchors designed to stabilize gold nanoparticles in biologically relevant media. J. Am. Chem. Soc. 2015, 137, 7974–7977. [Google Scholar] [CrossRef]

	



Salorinne, K.; Man, R.; Li, C.-H.; Taki, M.; Nambo, M.; Crudden, C.M. Water-Soluble N-Heterocyclic Carbene-Protected Gold Nanoparticles: Size-Controlled Synthesis, Stability, and Optical Properties. Angew. Chem. Int. Ed. 2017, 56, 6198–6202. [Google Scholar] [CrossRef]

	



Vignolle, J.; Tilley, T.D. N-Heterocyclic carbene-stabilized gold nanoparticles and their assembly into 3D superlattices. Chem. Commun. 2009, 2009, 7230–7232. [Google Scholar] [CrossRef]

	



Yu, H.; Cui, Z.; Yu, P.; Guo, C.; Feng, B.; Jiang, T.; Wang, S.; Yin, Q.; Zhong, D.; Yang, X.; et al. pH-and NIR light-responsive micelles with hyperthermia-triggered tumor penetration and cytoplasm drug release to reverse doxorubicin resistance in breast cancer. Adv. Funct. Mater. 2015, 25, 2489–2500. [Google Scholar] [CrossRef]

	



Bridonneau, N.; Hippolyte, L.; Mercier, D.; Portehault, D.; El Murr, M.D.; Marcus, P.; Fensterbank, L.; Chaneac, C.; Ribot, F. N-Heterocyclic carbene-stabilized gold nanoparticles with tunable sizes. Dalton Trans. 2018, 47, 6850–6859. [Google Scholar] [CrossRef]

	



Crudden, C.M.; Horton, J.H.; Ebralidze, I.I.; Zenkina, O.V.; McLean, A.B.; Drevniok, B.; She, Z.; Kraatz, H.-B.; Mosey, N.J.; Seki, T.; et al. Ultra stable self-assembled monolayers of N-heterocyclic carbenes on gold. Nat. Chem. 2014, 6, 409–414. [Google Scholar] [CrossRef]

	



Rodríguez-Castillo, M.; Laurencin, D.; Tielens, F.; Van Der Lee, A.; Clément, S.; Guari, Y.; Richeter, S. Reactivity of gold nanoparticles towards N-heterocyclic carbenes. Dalton Trans. 2014, 43, 5978–5982. [Google Scholar] [CrossRef]

	



An, L.; Wang, Y.; Tian, Q.; Yang, S. Small Gold Nanorods: Recent Advances in Synthesis, Biological Imaging, and Cancer Therapy. Materials 2017, 10, 1372. [Google Scholar] [CrossRef]

	



Wu, Q.; Chen, L.; Huang, L.; Wang, J.; Liu, J.; Hu, C.; Han, H. Quantum dots decorated gold nanorod as fluorescent-plasmonic dual-modal contrasts agent for cancer imaging. Biosens. Bioelectron. 2015, 74, 16–23. [Google Scholar] [CrossRef]

	



MacLeod, M.J.; Goodman, A.J.; Ye, H.-Z.; Nguyen, H.V.-T.; Van Voorhis, T.; Johnson, J.A. Robust gold nanorods stabilized by bidentate N-heterocyclic-carbene–thiolate ligands. Nat. Chem. 2018, 11, 57–63. [Google Scholar] [CrossRef]

	



Locatelli, E.; Monaco, I.; Franchini, M.C. Surface modifications of gold nanorods for applications in nanomedicine. RSC Adv. 2015, 5, 21681–21699. [Google Scholar] [CrossRef]

	



Smith, D.K.; Korgel, B.A. The Importance of the CTAB Surfactant on the Colloidal Seed-Mediated Synthesis of Gold Nanorods. Langmuir 2008, 24, 644–649. [Google Scholar] [CrossRef]

	



Huang, H.-C.; Barua, S.; Kay, D.B.; Rege, K. Simultaneous Enhancement of Photothermal Stability and Gene Delivery Efficacy of Gold Nanorods Using Polyelectrolytes. ACS Nano 2010, 4, 1769–1770. [Google Scholar] [CrossRef]

	



Takahashi, H.; Niidome, Y.; Niidome, T.; Kaneko, K.; Kawasaki, A.H.; Yamada, S. Modification of Gold Nanorods Using Phosphatidylcholine to Reduce Cytotoxicity. Langmuir 2006, 22, 2–5. [Google Scholar] [CrossRef]

	



Casas, J.; Venkataramasubramani, M.; Wang, Y.; Tang, L. Replacement of cetyltrimethylammoniumbromide bilayer on gold nanorod by alkanethiol crosslinker for enhanced plasmon resonance sensitivity. Biosens. Bioelectron. 2013, 49, 525–530. [Google Scholar] [CrossRef]

	



Ding, H.; Yong, K.-T.; Roy, I.; Pudavar, H.E.; Law, W.C.; Bergey, E.J.; Prasad, P.N. Gold Nanorods Coated with Multilayer Polyelectrolyte as Contrast Agents for Multimodal Imaging. J. Phys. Chem. C 2007, 111, 12552–12557. [Google Scholar] [CrossRef]

	



Cao, J.; Galbraith, E.K.; Sun, T.; Grattan, K. Effective surface modification of gold nanorods for localized surface plasmon resonance-based biosensors. Sens. Actuators B Chem. 2012, 169, 360–367. [Google Scholar] [CrossRef]

	



Yu, C.; Varghese, L.; Irudayaraj, J. Surface Modification of Cetyltrimethylammonium Bromide-Capped Gold Nanorods to Make Molecular Probes. Langmuir 2007, 23, 9114–9119. [Google Scholar] [CrossRef] [PubMed]

	



Goodwin, A.P.; Tabakman, S.M.; Welsher, K.; Sherlock, S.P.; Prencipe, G.; Dai, H. Phospholipid−Dextran with a Single Coupling Point: A Useful Amphiphile for Functionalization of Nanomaterials. J. Am. Chem. Soc. 2009, 131, 289–296. [Google Scholar] [CrossRef] [PubMed]

	



Wijaya, A.; Hamad-Schifferli, K. Ligand Customization and DNA Functionalization of Gold Nanorods via Round-Trip Phase Transfer Ligand Exchange. Langmuir 2008, 24, 9966–9969. [Google Scholar] [CrossRef]

	



Harris, J.M.; Chess, R.B. Effect of pegylation on pharmaceuticals. Nat. Rev. Drug Discov. 2003, 2, 214–221. [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]

	



Von Maltzahn, G.; Park, J.-H.; Agrawal, A.; Bandaru, N.K.; Das, S.K.; Sailor, M.J.; Bhatia, S.N. Computationally Guided Photothermal Tumor Therapy Using Long-Circulating Gold Nanorod Antennas. Cancer Res. 2009, 69, 3892–3900. [Google Scholar] [CrossRef]

	



Lau, I.P.; Chen, H.; Wang, J.; Ong, H.C.; Leung, K.C.-F.; Ho, H.P.; Kong, S.K. In vitro effect of CTAB-and PEG-coated gold nanorods on the induction of eryptosis/erythroptosis in human erythrocytes. Nanotoxicology 2012, 6, 847–856. [Google Scholar] [CrossRef]

	



Xiao, Y.; Hong, H.; Matson, V.Z.; Javadi, A.; Xu, W.; Yang, Y.; Zhang, Y.; Engle, J.W.; Nickles, R.J.; Cai, W.; et al. Gold Nanorods Conjugated with Doxorubicin and cRGD for Combined Anticancer Drug Delivery and PET Imaging. Theranostics 2012, 2, 757–768. [Google Scholar] [CrossRef]

	



Wang, Y.; Black, K.C.L.; Luehmann, H.; Li, W.; Zhang, Y.S.; Cai, X.; Wan, D.; Liu, S.-Y.; Li, M.; Kim, P.; et al. Comparison Study of Gold Nanohexapods, Nanorods, and Nanocages for Photothermal Cancer Treatment. ACS Nano 2013, 7, 2068–2077. [Google Scholar] [CrossRef]

	



Tsai, M.-F.; Chang, S.-H.G.; Cheng, F.-Y.; Shanmugam, V.; Cheng, Y.-S.; Su, C.-H.; Yeh, C.-S. Au Nanorod Design as Light-Absorber in the First and Second Biological Near-Infrared Windows for in Vivo Photothermal Therapy. ACS Nano 2013, 7, 5330–5342. [Google Scholar] [CrossRef]

	



Dinish, U.S.; Goh, D.; Fu, C.Y.; Bhuvaneswari, R.; Sun, W.; Olivo, M. Optimized Synthesis of PEG-Encapsulated Gold Nanorods for Improved Stability and Its Application in OCT Imaging with Enhanced Contrast. Plasmonics 2012, 8, 591–598. [Google Scholar] [CrossRef]

	



Norman, R.S.; Stone, J.W.; Gole, A.; Murhpy, C.J.; Sabo-Attwood, T.L. Targeted photothermal lysis of the pathogenic bacteria, Pseudomonas aeruginosa, with gold nanorods. Nano Lett. 2008, 8, 302–306. [Google Scholar] [CrossRef]

	



Feng, H.; Yang, Y.; You, Y.; Li, G.; Guo, J.; Yu, T.; Shen, Z.; Wu, T.; Xing, B. Simple and rapid synthesis of ultrathin gold nanowires, their self-assembly and application in surface-enhanced Raman scattering. Chem. Commun. 2009, 2009, 1984–1986. [Google Scholar] [CrossRef]

	



Maeda, H. The enhanced permeability and retention (EPR) effect in tumor vasculature: The key role of tumor-selective macromolecular drug targeting. Adv. Enzym. Regul. 2001, 41, 189–207. [Google Scholar] [CrossRef]

	



Tong, L.; Zhao, Y.; Huff, T.B.; Hansen, M.N.; Wei, A.; Cheng, J.-X. Gold nanorods mediate tumor cell death by compromising membrane integrity. Adv. Mater. 2007, 19, 3136–3141. [Google Scholar] [CrossRef]

	



Stone, J.; Jackson, S.; Wright, D. Biological applications of gold nanorods. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2011, 3, 100–109. [Google Scholar] [CrossRef]

	



Weissleder, R. A clearer vision for in vivo imaging. Nat. Biotechnol. 2001, 19, 316–317. [Google Scholar] [CrossRef]

	



Tech, J.E.T. Investigating the Activity of Antioxidants Activities Content in Apiaceae and to Study Antimicrobial and Insecticidal Activity of Antioxidant by using SPME Fiber Assembly Carboxen/Polydimethylsiloxane (CAR/PDMS). J. Environ. Treat. Techniques 2020, 8, 214–224. [Google Scholar]

	



Huang, X.; El-Sayed, I.H.; Qian, W.; El-Sayed, M.A. Cancer Cell Imaging and Photothermal Therapy in the Near-Infrared Region by Using Gold Nanorods. J. Am. Chem. Soc. 2006, 128, 2115–2120. [Google Scholar] [CrossRef]

	



Dickerson, E.B.; Dreaden, E.; Huang, X.; El-Sayed, I.H.; Chu, H.; Pushpanketh, S.; McDonald, J.F.; El-Sayed, M.A. Gold nanorod assisted near-infrared plasmonic photothermal therapy (PPTT) of squamous cell carcinoma in mice. Cancer Lett. 2008, 269, 57–66. [Google Scholar] [CrossRef]

	



Huff, T.B.; Hansen, M.N.; Zhao, Y.; Cheng, J.-X.; Wei, A. Controlling the Cellular Uptake of Gold Nanorods. Langmuir 2007, 23, 1596–1599. [Google Scholar] [CrossRef]

	



Hafner, H.; Liao, H. Gold nanorod bioconjugates. Chem. Mater. 2005, 17, 4636–4641. [Google Scholar]

	



Niidome, T. Diagnostic and therapeutic applications of biocompatible gold nanorods: Original research article: PEG-modified gold nanorods with a stealth character for in vivo applications, 2006. J. Control. Release Off. J. Control. Release Soc. 2014, 190, 343–347. [Google Scholar]

	



Jain, R.K. Transport of molecules in the tumor interstitium: A review. Cancer Res. 1987, 47, 3039–3051. [Google Scholar]

	



Hirsch, L.R.; Stafford, R.J.; Bankson, J.; Sershen, S.R.; Rivera, B.; Price, R.E.; Hazle, J.D.; Halas, N.; 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]

	



Huang, X.; El-Sayed, I.H.; El-Sayed, M.A. Applications of Gold Nanorods for Cancer Imaging and Photothermal Therapy. In Methods in Molecular Biology; Springer Science and Business Media LLC: Berlin, Germany, 2010; pp. 343–357. [Google Scholar]

	



Von Maltzahn, G.; Centrone, A.; Park, J.-H.; Ramanathan, R.; Sailor, M.J.; Hatton, A.; Bhatia, S.N. SERS-coded gold nanorods as a multifunctional platform for densely multiplexed near-infrared imaging and photothermal heating. Adv. Mater. 2009, 21, 3175–3180. [Google Scholar] [CrossRef]

	



Link, S.; El-Sayed, M.A. Shape and size dependence of radiative, non-radiative and photothermal properties of gold nanocrystals. Int. Rev. Phys. Chem. 2000, 19, 409–453. [Google Scholar] [CrossRef]

	



O’Neal, D.P.; Hirsch, L.R.; Halas, N.J.; Payne, J.D.; West, J.L. Photo-thermal tumor ablation in mice using near infrared-absorbing nanoparticles. Cancer Lett. 2004, 209, 171–176. [Google Scholar] [CrossRef]

	



Choi, J.; Kim, H.-Y.; Ju, E.J.; Jung, J.; Park, J.; Chung, H.-K.; Lee, J.S.; Lee, J.S.; Park, H.J.; Song, S.Y.; et al. Use of macrophages to deliver therapeutic and imaging contrast agents to tumors. Biomaterials 2012, 33, 4195–4203. [Google Scholar] [CrossRef] [PubMed]

	



Choi, M.-R.; Stanton-Maxey, K.J.; Stanley, J.K.; Levin, C.S.; Bardhan, R.; Akin, D.; Badve, S.; Sturgis, J.; Robinson, J.; Bashir, R.; et al. A Cellular Trojan Horse for Delivery of Therapeutic Nanoparticles into Tumors. Nano Lett. 2007, 7, 3759–3765. [Google Scholar] [CrossRef] [PubMed]

	



Mooney, R.; Roma, L.; Zhao, D.; Van Haute, D.; Garcia, E.; Kim, S.U.; Annala, A.; Aboody, K.S.; Berlin, J.M. Neural Stem Cell-Mediated Intratumoral Delivery of Gold Nanorods Improves Photothermal Therapy. ACS Nano 2014, 8, 12450–12460. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Huang, H.; Tang, S.; Li, Y.; Yu, X.-F.; Wang, H.; Li, P.; Sun, Z.; Zhang, H.; Liu, C.; et al. Small gold nanorods laden macrophages for enhanced tumor coverage in photothermal therapy. Biomaterials 2016, 74, 144–154. [Google Scholar] [CrossRef]

	



Yin, D.; Li, X.; Ma, Y.; Liu, Z. Targeted cancer imaging and photothermal therapy via monosaccharide-imprinted gold nanorods. Chem. Commun. 2017, 53, 6716–6719. [Google Scholar] [CrossRef]

	



Mahmoud, N.N.; Alkilany, A.M.; Khalil, E.A.; Al-Bakri, A.G. Antibacterial activity of gold nanorods against Staphylococcus aureus and Propionibacterium acnes: Misinterpretations and artifacts. Int. J. Nanomed. 2017, 12, 7311–7322. [Google Scholar] [CrossRef]

	



Moon, K.-S.; Park, Y.-B.; Bae, J.-M.; Oh, S. Near-infrared laser-mediated drug release and antibacterial activity of gold nanorod–sputtered titania nanotubes. J. Tissue Eng. 2018, 9, 2041731418790315. [Google Scholar] [CrossRef]

	



Al-Bakri, A.G.; Mahmoud, N.N. Photothermal-Induced Antibacterial Activity of Gold Nanorods Loaded into Polymeric Hydrogel against Pseudomonas aeruginosa Biofilm. Molecules 2019, 24, 2661. [Google Scholar] [CrossRef]

	



Yang, T.; Wang, D.; Liu, X. Assembled gold nanorods for the photothermal killing of bacteria. Colloids Surf. B Biointerfaces 2019, 173, 833–841. [Google Scholar] [CrossRef]

	



Sendroiu, I.E.; Warner, M.E.; Corn, R.M. Fabrication of Silica-Coated Gold Nanorods Functionalized with DNA for Enhanced Surface Plasmon Resonance Imaging Biosensing Applications. Langmuir 2009, 25, 11282–11284. [Google Scholar] [CrossRef]

	



Huschka, R.; Neumann, O.; Barhoumi, A.; Halas, N.J. Visualizing Light-Triggered Release of Molecules Inside Living Cells. Nano Lett. 2010, 10, 4117–4122. [Google Scholar] [CrossRef]

	



Yamashita, S.; Fukushima, H.; Niidome, Y.; Mori, T.; Katayama, Y.; Niidome, T. Controlled-Release System Mediated by a Retro Diels–Alder Reaction Induced by the Photothermal Effect of Gold Nanorods. Langmuir 2011, 27, 14621–14626. [Google Scholar] [CrossRef]

	



Yamashita, S.; Fukushima, H.; Akiyama, Y.; Niidome, Y.; Mori, T.; Katayama, Y.; Niidome, T. Controlled-release system of single-stranded DNA triggered by the photothermal effect of gold nanorods and its in vivo application. Bioorg. Med. Chem. 2011, 19, 2130–2135. [Google Scholar] [CrossRef]

	



Kawano, T.; Niidome, Y.; Mori, T.; Katayama, Y.; Niidome, T. PNIPAM Gel-Coated Gold Nanorods for Targeted Delivery Responding to a Near-Infrared Laser. Bioconjugate Chem. 2009, 20, 209–212. [Google Scholar] [CrossRef]

	



Shen, S.; Tang, H.; Zhangc, X.; Rena, J.; Panga, Z.; Wanga, D.; Gaoa, H.; Qiana, Y.; Jianga, X.; Yang, W. Targeting mesoporous silica-encapsulated gold nanorods for chemo-photothermal therapy with near-infrared radiation. Biomaterials 2013, 34, 3150–3158. [Google Scholar] [CrossRef]

	



Vieira, L.F.d.A.; Lins, M.P.; Viana, I.M.M.N.; Dos Santos, J.E.; Smaniotto, S.; Reis, M.D.D.S. Metallic nanoparticles reduce the migration of human fibroblasts in vitro. Nanoscale Res. Lett. 2017, 12, 1–9. [Google Scholar] [CrossRef]

	



Ma, P.; Xiao, H.; Li, C.; Dai, Y.; Cheng, Z.; Hou, Z.; Lin, J. Inorganic nanocarriers for platinum drug delivery. Mater. Today 2015, 18, 554–564. [Google Scholar] [CrossRef]

	



Abootalebi, S.N.; Shorafa, N. The Recent advances in gene delivery using nanostructures and future prospects. Adv. Appl. NanoBio-Technol. 2020, 1, 45–52. [Google Scholar]

	



Anikeeva, P.; Deisseroth, K. Photothermal Genetic Engineering. ACS Nano 2012, 6, 7548–7552. [Google Scholar] [CrossRef] [PubMed]

	



Bonoiu, A.C.; Mahajan, S.; Ding, H.; Roy, I.; Yong, K.-Y.; Kumar, R.; Hu, R.; Bergey, E.J.; Schwartz, S.A.; Prasad, P.N. Nanotechnology approach for drug addiction therapy: Gene silencing using delivery of gold nanorod-siRNA nanoplex in dopaminergic neurons. Proc. Nat. Acad. Sci. USA 2009, 106, 5546–5550. [Google Scholar] [CrossRef] [PubMed]

	



Bonoiu, A.C.; Bergey, E.J.; Ding, H.; Hu, R.; Kumar, R.; Yong, K.-T.; Prasad, P.N.; Mahajan, S.; Picchione, K.R.; Bhattacharjee, A.; et al. Gold nanorod–siRNA induces efficient in vivo gene silencing in the rat hippocampus. Nanomedicine 2011, 6, 617–630. [Google Scholar] [CrossRef] [PubMed]

	



Pardridge, W.M. shRNA and siRNA delivery to the brain. Adv. Drug Deliv. Rev. 2007, 59, 141–152. [Google Scholar] [CrossRef]

	



Chen, C.-C.; Lin, Y.P.; Wang, C.-W.; Tzeng, H.-S.; Wu, C.-H.; Chen, Y.-C.; Chen, C.-P.; Chen, L.-C.; Wu, Y.C. DNA−gold nanorod conjugates for remote control of localized gene expression by near infrared irradiation. J. Am. Chem. Soc. 2006, 128, 3709–3715. [Google Scholar] [CrossRef]

	



Link, S.; Burda, C.; Nikoobakht, A.B.; El-Sayed, M.A. Laser-Induced Shape Changes of Colloidal Gold Nanorods Using Femtosecond and Nanosecond Laser Pulses. J. Phys. Chem. B 2000, 104, 6152–6163. [Google Scholar] [CrossRef]

	



Xu, C.; Yang, D.; Mei, L.; Lu, B.; Chen, L.; Li, Q.; Zhu, H.; Wang, T. Encapsulating gold nanoparticles or nanorods in graphene oxide shells as a novel gene vector. ACS Appl. Mater. Interfaces 2013, 5, 2715–2724. [Google Scholar] [CrossRef]

	



Garayemi, S.; Raeisi, F. Graphene Oxide as a Docking Station for Modern Drug Delivery System. by Ulva lactuca species study its antimicrobial, anti-fungal and anti-Blood cancer activity. Adv. Appl. NanoBio-Technol. 2020, 1, 53–62. [Google Scholar]

	



Ramos, J.; Rege, K. Poly(aminoether)–Gold Nanorod Assemblies for shRNA Plasmid-Induced Gene Silencing. Mol. Pharm. 2013, 10, 4107–4119. [Google Scholar] [CrossRef]

	



Cui, D.; Huang, P.; Zhang, C.; Ozkan, C.S.; Pan, B.; Xu, P. Dendrimer-modified gold nanorods as efficient controlled gene delivery system under near-infrared light irradiation. J. Control. Release 2011, 152, e137–e139. [Google Scholar] [CrossRef]

	



Lee, S.E.; Sasaki, D.Y.; Park, Y.; Xu, R.; Brennan, J.S.; Bissell, M.J.; Lee, L.P. Photonic gene circuits by optically addressable siRNA-Au nanoantennas. ACS Nano 2012, 6, 7770–7780. [Google Scholar] [CrossRef]

	



Huschka, R.; Zuloaga, J.; Knight, M.; Brown, L.V.; Nordlander, P.; Halas, N.J. Light-Induced Release of DNA from Gold Nanoparticles: Nanoshells and Nanorods. J. Am. Chem. Soc. 2011, 133, 12247–12255. [Google Scholar] [CrossRef]

	



Horiguchi, Y.; Yamashita, S.; Niidome, T.; Nakashima, N.; Niidome, Y. Photoinduced Release of Oligonucleotide-conjugated Silica-coated Gold Nanorods Accompanied by Moderate Morphological Changes. Chem. Lett. 2008, 37, 718–719. [Google Scholar] [CrossRef]

	



Wan, J.; Wang, J.; Liu, T.; Xie, Z.; Yu, X.-F.; Li, W. Surface chemistry but not aspect ratio mediates the biological toxicity of gold nanorods in vitro and in vivo. Sci. Rep. 2015, 5, 11398. [Google Scholar] [CrossRef]

	



Murphy, C.; Gole, A.M.; Stone, J.W.; Sisco, P.N.; Alkilany, A.; Goldsmith, E.C.; Baxter, S.C. Gold Nanoparticles in Biology: Beyond Toxicity to Cellular Imaging. Accounts Chem. Res. 2008, 41, 1721–1730. [Google Scholar] [CrossRef]

	



Fernando, D.; Sulthana, S.; Vasquez, Y. Cellular Uptake and Cytotoxicity of Varying Aspect Ratios of Gold Nanorods in HeLa Cells. ACS Appl. Bio Mater. 2020, 3, 1374–1384. [Google Scholar] [CrossRef]

	



Zhang, L.; Wang, L.; Hu, Y.; Liu, Z.; Tian, Y.; Wu, X.; Zhao, Y.; Tang, H.; Chen, C.; Wang, Y. Selective metabolic effects of gold nanorods on normal and cancer cells and their application in anticancer drug screening. Biomaterials 2013, 34, 7117–7126. [Google Scholar] [CrossRef]

	



Grabinski, C.; Schaeublin, N.; Wijaya, A.; D’Couto, H.; Baxamusa, S.H.; Hamad-Schifferli, K.; Hussain, S.M. Effect of Gold Nanorod Surface Chemistry on Cellular Response. ACS Nano 2011, 5, 2870–2879. [Google Scholar] [CrossRef]

	



Li, H.; Wen, T.; Wang, T.; ji, Y.; Shen, Y.; Chen, J.; Xu, H.; Wu, X. In vivo metabolic response upon exposure to gold nanorod core/silver shell nanostructures: Modulation of inflammation and upregulation of dopamine. Int. J. Mol. Sci. 2020, 21, 384. [Google Scholar] [CrossRef]

	



Uttara, B.; Singh, A.V.; Zamboni, P.; Mahajan, R.T. Oxidative Stress and Neurodegenerative Diseases: A Review of Upstream and Downstream Antioxidant Therapeutic Options. Curr. Neuropharmacol. 2009, 7, 65–74. [Google Scholar] [CrossRef]

	



Benz, C.C.; Yau, C. Ageing, oxidative stress and cancer: Paradigms in parallax. Nat. Rev. Cancer 2008, 8, 875–879. [Google Scholar] [CrossRef]

	



Aioub, M.; Panikkanvalappil, S.; El-Sayed, M.A. Platinum-Coated Gold Nanorods: Efficient Reactive Oxygen Scavengers That Prevent Oxidative Damage toward Healthy, Untreated Cells during Plasmonic Photothermal Therapy. ACS Nano 2017, 11, 579–586. [Google Scholar] [CrossRef]

	



El-Demerdash, F.M.; Tousson, E.M.; Kurzepa, J.; Habib, S.L. Xenobiotics, Oxidative Stress, and Antioxidants. Oxidative Med. Cell. Longev. 2018, 2018, 1–2. [Google Scholar] [CrossRef] [PubMed]

	



Mauricio, M.D.; Guerra-Ojeda, S.; Marchio, P.; Valles, S.L.; Aldasoro, M.; Escribano-Lopez, I.; Herance, J.R.; Rocha, M.; Vila, J.M.; Victor, V.M. Nanoparticles in Medicine: A Focus on Vascular Oxidative Stress. Oxidative Med. Cell. Longev. 2018, 2018, 1–20. [Google Scholar] [CrossRef] [PubMed]

	



Abdollahi, M.; Moridani, M.Y.; Aruoma, O.I.; Mostafalou, S. Oxidative Stress in Aging. Oxidative Med. Cell. Longev. 2014, 2014, 1–2. [Google Scholar] [CrossRef] [PubMed]

	



Dobrovolskaia, M.A.; McNeil, S.E. Immunological properties of engineered nanomaterials: An introduction. In Handbook of Immunological Properties of Engineered Nanomaterials: Volume 1: Key Considerations for Nanoparticle Characterization Prior to Immunotoxicity Studies; World Scientific: Singapore, 2016; pp. 1–24. [Google Scholar]

	



Nel, A.; Xia, T.; Mädler, L.; Li, N. Toxic Potential of Materials at the Nanolevel. Science 2006, 311, 622–627. [Google Scholar] [CrossRef]

	



Francisco, B.-M.; Salvador, M.; Amparo, N. Oxidative Stress in Myopia. Oxidative Med. Cell. Longev. 2015, 2015, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Poljsak, B.; Milisav, I.; Lampe, T.; Ostan, I. Reproductive benefit of oxidative damage: An oxidative stress “malevolence”? Oxidative Med. Cell. Longev. 2011, 2011. [Google Scholar] [CrossRef]

	



Nishimura, Y.; Hara, H.; Kondo, M.; Hong, S.; Matsugi, T. Oxidative Stress in Retinal Diseases. Oxidative Med. Cell. Longev. 2017, 2017, 1–2. [Google Scholar] [CrossRef] [PubMed]

	



Klaassen, C.D. Casarett and Doull’s Toxicology: The Basic Science of Poisons; McGraw-Hill: New York, NY, USA, 2013; Volume 1236. [Google Scholar]

	



Alkilany, A.; Nagaria, P.K.; Hexel, C.; Shaw, T.; Murphy, C.J.; Wyatt, M.D. Cellular Uptake and Cytotoxicity of Gold Nanorods: Molecular Origin of Cytotoxicity and Surface Effects. Small 2009, 5, 701–708. [Google Scholar] [CrossRef] [PubMed]

	



Hauck, T.S.; Ghazani, A.A.; Chan, W.C.W. Assessing the Effect of Surface Chemistry on Gold Nanorod Uptake, Toxicity, and Gene Expression in Mammalian Cells. Small 2008, 4, 153–159. [Google Scholar] [CrossRef]

	



Nel, A.E.; Mädler, L.; Velegol, D.; Xia, T.; Hoek, E.M.V.; Somasundaran, P.; Klaessig, F.; Castranova, V.; Thompson, M. Understanding biophysicochemical interactions at the nano–bio interface. Nat. Mater. 2009, 8, 543–557. [Google Scholar] [CrossRef]

	



Rezwan, K.; Meier, L.P.; Rezwan, M.; Voros, J.; Textor, A.M.; Gauckler, L.J. Bovine Serum Albumin Adsorption onto Colloidal Al2O3Particles: A New Model Based on Zeta Potential and UV−Vis Measurements. Langmuir 2004, 20, 10055–10061. [Google Scholar] [CrossRef]

	



Parab, H.J.; Chen, H.M.; Lai, T.-C.; Huang, J.H.; Chen, P.H.; Liu, R.-S.; Hsiao, M.; Chen, C.-H.; Tsai, D.-P.; Hwu, Y.-K. Biosensing, Cytotoxicity, and Cellular Uptake Studies of Surface-Modified Gold Nanorods. J. Phys. Chem. C 2009, 113, 7574–7578. [Google Scholar] [CrossRef]

	



Connor, E.E.; Mwamuka, J.; Gole, A.; Murphy, C.J.; Wyatt, M.D. Gold Nanoparticles Are Taken Up by Human Cells but Do Not Cause Acute Cytotoxicity. Small 2005, 1, 325–327. [Google Scholar] [CrossRef]

	



Goodman, C.; McCusker, C.D.; Yilmaz, A.T.; Rotello, V.M. Toxicity of Gold Nanoparticles Functionalized with Cationic and Anionic Side Chains. Bioconj. Chem. 2004, 15, 897–900. [Google Scholar] [CrossRef]

	



Qiu, Y.; Liu, Y.; Wang, L.; Xu, L.; Bai, R.; Ji, Y.; Wu, X.; Zhao, Y.; Li, Y.-F.; Chen, C. Surface chemistry and aspect ratio mediated cellular uptake of Au nanorods. Biomaterials 2010, 31, 7606–7619. [Google Scholar] [CrossRef]

	



Hengartner, M.O. The biochemistry of apoptosis. Nature 2000, 407, 770–776. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 01868 g001 550] 





Figure 1. Illustration of different beneficial uses of GNR with light mediation [6]. Reprinted with permission from ref. [6]. Copyright 2013 Theranostics. 
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Figure 2. Schematic Illustrations of Nanorod application. 
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Figure 3. (a) Au nanospheres [11]; (b) Au nanoshells [12]; (c) Au nanocubes [13]; (d) Au nanoflowers [14]; (e) Au nanotriangles [15]. Reprinted with permission from ref. [11,12,13,14,15]. Copyright 2002,2004,2008 The Journal of Physical Chemistry B, Chemical Communications, Analytical Chemistry, Journal of the American Chemical Society, Langmuir, Springer Nature. 
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Figure 4. Three possible impacts: (A)—rigid nanorod, (B)—fluid nanorod, (C)—elastic nanorod [16]. Reprinted with permission from ref. [16]. Copyright 2012 Open access peer-reviewed chapter. 
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Figure 5. Strategies the synthesis of GNR using traditional physiochemical and relatively novel eco-friendly biological methods (a) from the bottom-up and (b) top-down approaches. 
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Figure 6. Strategies for NHCs being based on gold nanomaterials (A) Previous methods involve the reduction of preformed or in situ generated (the latter from imidazolium tetrahaloaurate salts) NHC–metal (for example, gold) complexes, or the displacement of weakly bound (for example, thioether or amine) ligands with free NHCs. X, a coordinating ligand, typically a halogen such as Cl or Br; R and R2, alkyl, aryl or other substituents. (B)Here, we introduce a bidentate thiolate masked NHC strategy whereby exchange of CTAB ligands on commercial CTAB@Au nanorods with a photogenerated thiolate is followed by NHC installation (C) new surface-bound NHC–gold adatom complex [44]. Reprinted with permission from ref. [44]. Copyright 2018 Nature Chemistry. 
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Figure 7. UV—vis spectra for 1-Au@Au andNHC@Au-i indicate that the size and shape of the nanorods are preserved when transforming 1-Au@Au to NHC@Au-i (i.e., adatom incorporation does not have a dramatic effect on nanorods optical properties) [44,45]. Reprinted with permission from ref. [44,45]. Copyright 2018 RSC Advances. 
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Figure 8. Viability of Pseudomonas aeruginosa cells with attached gold nanorods following exposure to near-infrared (NIR) light. Left panels: (A) Cells without nanorods exposed to NIR; (B) Cells with nanorods and no NIR exposure; (C) (D) Cells with nanorods and exposed to NIR for 10 mins. Cells were stained with SYTO 9 and propidium iodide and imaged at 400× magnification using a fluorescence microscope. Green fluorescent cells are representative of live cells while red fluorescent cells are representative of dead or compromised cells. [67]. Reprinted with permission from ref. [67]. Copyright 2011 Wiley Interdisciplinary Reviews—Nanomedicine and Nanobiotechnology. 
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Figure 9. The TEM image of Pseudomonas aeruginosa was irradiated at 785 nm for 10 min. The figure evident harm to the bacterial cell, as seen with arrows [67]. Reprinted with permission from ref. [67]. Copyright 2011 Wiley Interdisciplinary Reviews—Nanomedicine and Nanobiotechnology. 
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Figure 10. Optional photothermal therapy of incubated cancer cells with anti-EGFR/Au nanorods. The circles on the illustrations show the laser spots [70,77]. Reprinted with permission from ref. [70,77]. Copyright 2006 Journal of the American Chemical Society. 
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Figure 11. (a) NIR transmission images of mice before PPTT treatments. Inset shows intensity line-scans of NIR extinction at tumor sites for control ( [image: Nanomaterials 11 01868 i001]), intravenous ( [image: Nanomaterials 11 01868 i002]), and direct ( [image: Nanomaterials 11 01868 i003]) administration of pegylated gold nanorods. Control mice were interstitially injected with 15 μL 10 mM PBS alone. In contrast, directly administered mice received interstitial injections of 15 μL pegylated gold nanorods (ODλ = 800 = 40, 2 min accumulation), and intravenously administered mice received 100 μL pegylated gold nanorod (ODλ = 800 = 120, 24 h accumulation) injections. (b) Average change in tumor volume for HSC-3 xenografts following near-infrared PPTT treatment by control ( [image: Nanomaterials 11 01868 i004]), intravenous ( [image: Nanomaterials 11 01868 i001]), and direct ( [image: Nanomaterials 11 01868 i003]) injection of pegylated gold nanorods. Errors for control (n = 10), direct injection (n = 8), and intravenous injection (n = 7) groups were reported as the standard error of the means. Control mice were treated by interstitial injection of 15 μL 10 mM PBS alone. At the same time, intravenous PPTT treatments were performed by administering 100 μL pegylated gold nanorods (ODλ = 800 = 120, 24 h accumulation) followed by 10 min of 1.7–1.9 W/cm2 NIR laser exposure. Direct PPTT treatments were performed by administering 15 μL pegylated gold nanorods (ODλ = 800 = 40, 2 min accumulation) followed by 10 min of 0.9–1.1 W/cm2 NIR laser exposure [71,77]. Reprinted with permission from ref. [71,77]. Copyright 2008 Journal of the American Chemical Society. 
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Figure 12. (A) Schematic showing the distinction between the treatment of small free gold nanorods and small gold nanorods charged with macrophages; (B) tumor temperature profile below 808 nm light for 10 min; and (C) tumor growth after irradiation therapy in different mice classes [42,84]. Reprinted with permission from ref. [42,84]. Copyright 2007,2016 Biosensors and Bioelectronics. 
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Figure 13. Demonstration of the principle for targeted photothermal therapy through SA-imprinted GNR @SiO2 [85]. Reprinted with permission from ref. [85]. Copyright 2017 ChemComm. 






Figure 13. Demonstration of the principle for targeted photothermal therapy through SA-imprinted GNR @SiO2 [85]. Reprinted with permission from ref. [85]. Copyright 2017 ChemComm.



[image: Nanomaterials 11 01868 g013]







[image: Nanomaterials 11 01868 g014 550] 





Figure 14. Gold nanoparticles and platinum (IV) nanorods for the delivery of drugs. The cisplatin platinum (IV) prodrug was conjugated through EDC/NHS coupling to gold nanoparticles (A) and nanorods (B) [97]. Reprinted with permission from ref. [97]. Copyright 2015 Materials Today. 
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Figure 15. Schematic Gene Delivery of Gold Nanorods application. 
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Figure 16. Schematic Gene Delivery of Gold Nanorods within DAN for MCF-7 breast cancer cell application. 
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Figure 17. Cytotoxicity of treated cells by Au NRs. (A) cholecystokinin CCK-8 assays of CTAB-coated Au NRs (B) AR ¼ 1 in Au NRs (C) AR ¼ 4 in Au NRs (D) CCK-8 assays of Au NRs [137]. Reprinted with permission from ref. [137]. Copyright 2010 Biomaterials. 
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Figure 18. GNR of different coatings or ARs. JC-1 (red fluorescence), ROS level (green fluorescence), causing mitochondrial damage [137]. Reprinted with permission from ref. [137]. Copyright 2010 Biomaterials. 
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Figure 19. Cell viability after treatment with (A) supernatant of Au NRs suspensions and PEG. (B) Au NRs are coated with newborn calf serum or PEG [137]. Reprinted with permission from ref. [137]. Copyright 2010 Biomaterials. 
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Figure 20. TEM images of (A) Au NRs in lysosome or mitochondria (B) Cells with CTAB molecules [137]. Reprinted with permission from ref. [137]. Copyright 2010 Biomaterials. 
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Figure 21. The mechanism for cytotoxicity and GNR uptake [137]. Reprinted with permission from ref. [137]. Copyright 2010 Biomaterials. 
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