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Cancer is a life-threatening disease, and there is a significant need for novel technologies to treat cancer with an effective outcome and low toxicity. Photothermal therapy (PTT) is a noninvasive therapeutic tool that transports nanomaterials into tumors, absorbing light energy and converting it into heat, thus killing tumor cells. Gold nanorods (GNRs) have attracted widespread attention in recent years due to their unique optical and electronic properties and potential applications in biological imaging, molecular detection, and drug delivery, especially in the PTT of cancer and other diseases. This review summarizes the recent progress in the synthesis methods and surface functionalization of GNRs for PTT. The current major synthetic methods of GNRs and recently improved measures to reduce toxicity, increase yield, and control particle size and shape are first introduced, followed by various surface functionalization approaches to construct a controlled drug release system, increase cell uptake, and improve pharmacokinetics and tumor-targeting effect, thus enhancing the photothermal effect of killing the tumor. Finally, a brief outlook for the future development of GNRs modification and functionalization in PTT is proposed.
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INTRODUCTION
According to the Global Cancer Observatory, cancer is one of the most life-threatening diseases because of its increasingly higher incidence and death rate (Bray et al., 2018). However, existing therapeutic methods toward cancer, which chiefly include chemotherapy, radiotherapy (RT), and surgical treatment, have inevitable shortcomings in clinical practice (Akhter et al., 2018). For example, the therapeutic effect of chemotherapy can be unsatisfactory considering the heterogeneity of tumors and its potential systemic toxicity due to poor targeting selectivity. Similarly, RT could have a negative impact on the patients’ immunological function and blood system, causing immune dysfunction, and the rapid spreading of cancer cells throughout the body. The lack of specific tumor-targeting effects is a quite knotty problem all the time (Hughes 2003; Wistuba et al., 2011; Lee et al., 2012). Photothermal therapy (PTT), also known as photothermal ablation, is a relatively new type of cancer treatment that usually utilizes the injection of a material with high photothermal conversion efficiency. These nanomaterials possess the ability to gather near the tumor tissue and subsequently be exposed to heat-generating near-infrared (NIR) light to kill cancer cells under hyperthermal environments (Hussein et al., 2018). The emergence of PTT in 2000 provided a potential countermeasure to cancer. Compared to traditional therapeutic methods, PTT realized the tumor-specific treatment by focusing the optical irradiation on the tumor site, which can dramatically increase the tumor-killing efficiency and reduce systemic toxicity.
Photothermal agents used to mediate PTT are constituted by inorganic and organic nanomaterials. Inorganic nanomaterials mainly include precious metal nanoparticles [gold, silver (Boca et al., 2011), platinum (Manikandan et al., 2013), and palladium (Zhou et al., 2012) nanoparticles], carbon-based nanomaterials [carbon nanotubes (Kam et al., 2005) and graphene (Su et al., 2016)], and metal chalcogenides [such as copper sulfide (Li et al., 2010)]. Organic nanomaterials chiefly include NIR dyes [indocyanine green (Zheng et al., 2011), Prussian blue (Fu et al., 2012), etc.] and conjugated polymers (Yang et al., 2011). Among them, gold nanoparticles with different shapes, owing to their unique optical-electron properties, have received widespread attention in PTT (Young et al., 2012). Under a particular frequency of incident light, free electrons resonate at the metal’s surface and reach the maximal amplitude of oscillation, termed surface plasmon resonance (SPR). The oscillation nonradiative decay, converting light energy to heat, thus can induce strong light absorption and provide higher photothermal conversion efficiency (Liu et al., 2018). Rod-shaped gold nanoparticles, also known as gold nanorods (GNRs), are anisotropic and tunable, which means that their optical and chemical properties alter with directions and synthesis parameters. For instance, GNRs have two SPR bands, including the longitudinal one that varies with the aspect ratio (AR; longitude/transverse; Onaciu et al., 2019; Takahata et al., 2018) and the transverse one that is relatively constant (Figure 1; Haine and Niidome 2017; Lohse and Murphy 2013). GNRs show excellent light absorption in the visible-NIR spectral region and the longitudinal peak redshifts as the AR increases (Kennedy et al., 2011). The incident light with wavelengths in the NIR region (650–1100 nm) is usually chosen because it demonstrates deep penetration into the body and is rarely absorbed and scattered before reaching the GNRs (Hwang et al., 2014; Bhana et al., 2016). Irradiating GNRs with NIR light produces the moderate temperature rise in the target region that is needed to selectively damage tumor tissues, which are more sensitive to hyperthermia than healthy tissues.
[image: Figure 1]FIGURE 1 | Optical properties of gold nanorods. (A) GNRs have two surface plasmon resonance bands: one transverse and the other longitudinal. The longitudinal one varies with the aspect ratios (AR). Aspect Ratio = l/d. (B) TEM images and UV−vis−NIR extinction spectra of GNRs with AR 1.5–3.5, aspect ratios are indicated above the absorbance spectrum of each sample. Scale bars are 100 nm. (C) Schematic representation of transverse and longitudinal plasmon absorbances in GNRs (Lohse and Murphy 2013).
GNRs can be synthesized by multiple methods, including template synthesis (Wirtz et al., 2002), photochemical synthesis (Xu et al., 2016), electrochemical synthesis (Huang et al., 2006), wet chemical seed-mediated synthesis (Jana et al., 2001), and seedless method (Liu X. et al., 2017), all of which are reproducible and controllable. At present, seed-mediated synthesis using small nanoparticles or short nanorods as seeds, and adding HAuCl4 to develop GNRs with adjustable ARs under the help of a surfactant, usually hexadecyltrimethylammonium bromide, is the most mature method (Xia et al., 2015). Up to now, GNRs are one of the most commonly studied materials for potential biomedical applications, including bioimaging (Li P. et al., 2018), molecular detection (Kwizera et al., 2018), drug delivery (Hossen et al., 2019), and PTT (Zhang et al., 2018). Despite the advantages mentioned above, GNRs can be further improved. Recently, there is a vast amount of research focusing on the optimization of GNRs in several aspects, including size, surface functionalization, and the expansion of production. There is still room for improvement of its efficiency in PTT. For in-depth comprehension and practical application, more in vitro and in vivo studies are needed. Besides, the combination of GNRs-mediated PTT with other therapies, such as chemotherapy, gene therapy, and immunotherapy, also makes a significant difference (Riley and Day 2017).
This review mainly covers the synthesis methods of GNRs, their surface functionalization, and applications in tumor therapy. The common synthesis methods are first introduced, followed by the measures to reduce the toxicity, increase the yield, and control the size and shape. Then, different GNRs-based drug loading and controlled release systems are introduced, as well as the surface functionalization measures in improving the in vitro uptake rate of cells, prolonging blood circulation, increasing tumor accumulation, and enhancing the efficiency of PTT. Finally, the shortcomings and further developments of these studies are pointed out, providing a broader idea for prospective PTT based on GNRs.
SYNTHESIS METHODS OF GNRS AND THEIR IMPROVEMENTS
In the past decade, research on the application of GNRs has been increasing, mainly focusing on biological imaging, PTT, and other fields. With the gradual development of the study, the difference in the size and crystal structure of GNRs has a significant effect on PTT, and the effective regulation of the synthesis of GNRs directly determines its structure and subsequent application. Up to now, there is still a lack of deep understanding of the exact mechanism of morphology and size control in the growth process of GNRs, and it is always at the forefront of current research. The synthesis methods of GNRs mainly include the template method, electrochemical synthesis method, seed-mediated growth method, and seedless synthesis method. Here, the improvement of preparing GNRs by seed-mediated growth method is mainly introduced (Table 1).
TABLE 1 | Summaries of synthesis methods of gold nanorods and their improvements.
[image: Table 1]Seed-Mediated Growth Method
Since the first approach of GNRs, the synthesis methods of GNRs have been greatly developed (Lohse and Murphy 2013). Seed-mediated synthesis is currently the most commonly used method, which is to add a certain amount of gold nanoparticle seeds into the growth solution followed by the growth of seeds into GNRs with the help of surfactants. Jana et al. were the first to synthesize GNRs using the seed-mediated growth method (Jana et al., 2001). The process can be divided into three steps: 1) citrate-capped gold nanospheres used as seeds are formed after the reduction of HAuCl4 by NaBH4, 2) the growth solution that contained HAuCl4 and cetyltrimethylammonium bromide (CTAB) is prepared, and 3) GNRs are acquired by adding seeds to the growth solution and ascorbic acid (AA; Jana et al., 2001; Xia et al., 2015). However, the low yield and unsatisfied size of GNRs synthesized in this original way make it inappropriate for applications (Scarabelli et al., 2015; Allen et al., 2017), so there appears an endless stream of improvements in accordance with the requirements based on GNRs applications in PTT.
GNRs suitable for PTT require good monodispersity, small size (An et al., 2017; Cheng et al., 2019), anisotropy, no toxicity, and the need to be produced in high yields. To obtain ideal GNRs, previous studies have discussed the influence of various factors on the synthesis process (Scarabelli et al., 2015) and adopted different improvement methods, including silver-assisted seeded growth (Nikoobakht and El-Sayed 2003), using CTAB-capped seeds instead of citrate-capped ones, etc., which can help grow GNRs to the desired length (He et al., 2017). The improved methods are not limited to this. Various improved methods follow, aiming at obtaining GNRs with better biocompatibility to guarantee safety and better controlling the AR, size, and rod shape.
Reduce Toxicity
At present, CTAB is usually introduced as a surfactant in the seed synthesis method of GNRs and is an indispensable step in the seed synthesis method. The CTAB concentration is closely related to the yield, shape, and size of GNRs. Studies have shown that CTAB as a surfactant can prevent isotropic grain growth, thus preventing it from forming spherical by-products (Mbalaha et al., 2019). CTAB of different suppliers can lead to different synthesis results of GNRs (Scarabelli et al., 2015). However, it is worth noting that CTAB molecules remaining on both the suspension solution and the GNRs surface are identified as the source of cytotoxicity. CTAB can cause damage to mitochondria and induce apoptosis by entering cells with or without GNRs. Therefore, how to effectively control the toxicity of surfactant CTAB during the preparation of GNRs is an urgent problem to be solved (Qiu et al., 2010; Golubev et al., 2016). During the production process, the toxic effects of CTAB can be reduced by repeated cleaning and replacement of nontoxic modifiers. Several protocols have emerged to remove CTAB from the surface of GNRs in previous studies, but most of them require tedious steps and costly reagents. He et al. proposed a simple “one-pot method” to completely remove CTAB from the surface of GNRs. This procedure adds sodium borohydride to remove CTAB as efficiently as the commercially available GNRs sample (He et al., 2018). Studies have shown that replacing AA with dopamine can also reduce the concentration of CTAB (Requejo et al., 2017).
Besides removing CTAB as much as possible to reduce its concentration, switching to other nontoxic surfactants is also an excellent way to reduce the toxicity of GNRs. Xu, Blahove et al. led the synthesis of GNRs with less toxicity using a less toxic surfactant, dodecyl dimethyl ammonium bromide (C12edmab), as an alternative (Allen et al., 2017). Hollow GNRs with controllable AR were synthesized by Cai et al. with nontoxic modifiers, which also reduced toxicity (Cai et al., 2018). Although the above methods reduce the toxicity of residual CTAB to some extent, how to develop a more simple and convenient method to reduce toxicity is still worthy of further studies. Above all, how to choose a nontoxic synthesis method or material to replace CTAB, which can be produced on a large scale and pass clinical trials, is a key and challenging point. The method described here to reduce the toxicity of GNRs is only aimed at the synthesis process of GNRs themselves, and it will be mentioned later on how to conceal the residual CTAB by surface functionalization or substitutions on GNRs.
Control the Size and Shape
GNRs with distinct sizes, ARs, and end shapes have been designed for specific uses. First, studies on the factors affecting the ARs of GNRs are condemned to be valuable, as longitudinal SPR (LSPR), which influences the optical properties of GNRs dramatically, can be finely tuned by adjusting the ARs. Numerous studies have demonstrated that GNRs with high ARs could be obtained by increasing the concentration of silver nitrate in the process of silver-assisted seed-mediated synthesis (Su et al., 2015; Gallina et al., 2016). Tong et al. found that silver nitrate plays a vital role in the symmetry-breaking point, and it was the [HAuCl4]/[AgNO3] ratio in the growth solution that critically controls the final width of GNRs and thus the ARs (Tong et al., 2017). Other factors, through the synthesis, such as reaction time (Zhang J. et al., 2017), temperature (Liu et al., 2017c), pH (Zhang L. et al., 2014; Chang and Murphy 2018), the concentration of AA (Li P. et al., 2018), seeds (Su et al., 2015), CTAB (Hormozi-Nezhad et al., 2013), types of reductants (Wu Z. et al., 2019), and surfactants and additives (Wang Y. et al., 2016), also have a great influence. Recently, Requejo et al. have proven that the addition of bioadditives, such as glutathione (GSH) or small thiolated molecules, in nanomolar and micromolar concentrations during the growth stage facilitated the formation of GNRs with tunable ARs and LSPR (Requejo et al., 2020). Additionally, more techniques, such as thermal reshaping, have been gradually used in the production of AR-tuned GNRs (Huang et al., 2018).
The plasmonic properties of GNRs also depend on specific sizes. Larger GNRs represent the higher scattering/absorption ratio, allowing scattering-based applications, such as imaging, whereas smaller GNRs exhibit great potential in PTT toward tumors due to their comparably larger absorption cross-sections. However, traditional synthesis methods of ultrasmall GNRs, by increasing the concentration of seeds added in the growth solution, show a lot of inevitable problems, such as the decreased growth yield and the more by-products, such as nanospheres (Tatini et al., 2014; Chang and Murphy 2018; Cheng et al., 2019; Mbalaha et al., 2019). Therefore, new synthesis strategies of small-sized GNRs should be put forward as soon as possible. Some researchers have attempted to explore the relationship between different end shapes of GNRs and their SPR effects. Wang et al. demonstrated that the addition of hydrochloric acid (HCl) successfully slowed down the growth rate of GNRs, creating longer cylindrical GNRs, whereas short, dogbone-shaped GNRs were fabricated in the group without HCl (Wang Y. et al., 2016). Interestingly, in another research, an inconsistent phenomenon was observed that the end shape of GNRs changed from an arrowhead shape to a dumbbell-like and a dog bone-like shape as the concentration of HCl increased through the second growth of GNRs. The subsequent results showed it was the number of anions rather than the pH altered by HCl that chiefly worked in this process (Kim et al., 2016).
Apart from the specific size, AR, and end shape, the ideal synthetic product of GNRs should guarantee the superior monodispersity and reproducibility of the synthesis. Many studies have synthesized GNRs with quite narrow size distribution and high shape purity by replacing the AA with weaker reductants, such as hydroquinone (Ghosh et al., 2017), 3-aminophenol (Vigderman and Zubarev 2013), pyrogallol (Huang et al., 2015), dopamine (Su et al., 2015), etc. However, good reproducibility remains an unattainable goal for the lack of understanding of the fabrication mechanism at a molecular level (Gallina et al., 2016). Improved reproducibility was achieved through continuous agitation and at a constant temperature of 30°C, which was believed to guarantee the complete solubilization of CTAB, by Gallina et al. (2016). Poor reproducibility is believed to be associated with the stochastic nature of the symmetry-breaking event, which plays a critical role in the subsequent anisotropic growth process during the synthesis of GNRs (Walsh et al., 2017b). Thus, Gonzalez-Rubio et al. attempted to separate the symmetry-breaking step from the seeded growth process. n-Decanol was addicted to the surfactant CTAB to generate a micellar aggregate. They first prepared the intermediate anisotropic seeds (small GNRs) with smaller dispersions in size and shape and subsequently induced GNRs based on them with specific AR and size by controlling the pH, temperature, and Ag+ concentration. GNRs with LSPR bands ranging from 600 to 1270 nm are accessible by this method without significantly affecting their dispersion in size and shape, which simultaneously optimize the symmetry breaking and the seeded growth process (Gonzalez-Rubio et al., 2019). Besides, postsynthesis modification, including the secondary growth (Ratto et al., 2010; Khlebtsov et al., 2014a; 2014b) and controlled etching (Szychowski et al., 2018) of GNRs, serves as an effective strategy to improve the reproducibility and precisely control the shape of GNRs.
Although research on the synthesis of various shapes of GNRs has made progress, there are still some problems that have not been solved, such as the limitations of the existing synthesis method of small-sized GNRs, the lack of understanding of the underlying molecular mechanisms in the growth of GNRs, the unattainable reproducibility of the synthesis, etc.
Improve the Yield
The conversion of Au salt precursor into GNRs contains two main parts. One is the reduction of Au [3] into Au [0] and the other is the formation of nanorods (Park et al., 2017). Various methods have been used to improve the yield of GNRs, involving increasing the total amount of Au0 in suspension, improving the ratio of GNRs to by-products, and enhancing the monodispersity of the GNRs and for the ultimate goal of expanding the production scale.
To raise the yield of reduced Au, Kozek et al., and Ratto et al. reported a secondary growth process in which AA was continuously added to deposit Au precursor remaining in the solution on GNRs (Ratto et al., 2010; Kozek et al., 2013). Although AA is critical for the growth of GNRs, a high concentration of it is accompanied by increasing by-products. Therefore, different reactants are added to decrease the side products. Some of them are weaker reducing agents, such as hydroquinone (Zhang L. et al., 2014; Chang and Murphy 2018; Requejo et al., 2018) and 3-aminophenol (Wu Z. et al., 2019) instead of AA. The addition of silver ions helps cut down the percentage of spherical nanoparticles in the product and form stable GNRs (Hormozi-Nezhad et al., 2013; Jessl et al., 2018), but Ag+ needs to be freshly prepared like AA (Burrows et al., 2017). Seeds, Au [3], AA, and CTAB in the correct proportion are necessary for producing high-yield GNRs (Sau and Murphy 2004). The purity of CTAB, mainly affected by bromide ion, also influences the yield of GNRs (Rayavarapu et al., 2010; Si et al., 2012). The reaction conditions and separation methods are the prime factors that affect the yield, too. Adding sodium hydroxide raises the pH value, resulting in an increase in the yield of rod-shaped nanoparticles (Xia et al., 2015), whereas adding HCl retards the growth of GNRs (Wang Y. et al., 2016). Surfactants could be used to preliminarily assist the precipitation of gold nanoparticles of different shapes in a concentrated dispersion (Xia et al., 2015). To extract pure nanorods, Nguyen et al. separated seeds and by-products by asymmetric-flow field flow fractionation (A4F) and finally increased the output of GNRs (Nguyen et al., 2016). Besides, it is necessary to improve resource utilization efficacy and simplify purification steps (Park et al., 2017).
Seedless Synthesis Method
Different from the seed-mediated growth method, the seedless method does not require a separate seed solution but directly adds sodium borohydride to the growth solution, which can directly reduce Au3+ to Au to form seeds due to its strong reducibility. Then, the gold ion in the solution is slowly reduced under the action of weak reducing agents, grows along with the seed longitudinally under the mediation of CTAB, and finally forms a rod-like structure (An et al., 2017). The seedless method is often utilized to synthesize GNRs of small size (<5 nm in diameter) due to the tiny seed formed directly in the growth solution. The size of GNRs decreases in inverse proportion to the concentration of sodium borohydride added. To be more specific, a higher concentration of sodium borohydride leads to an increased amount of gold nuclei. As the total concentration of Au in the solution is constant, the number of gold atoms deposited on each gold nucleus decreases, resulting in the reduction of the final size of GNRs (Tatini et al., 2014).
Jana first discovered the seedless method, but the resulting product has poor monodispersity and more spherical by-products (Jana 2005). EL-Sayed optimized the pH value and sodium borohydride concentration based on Jana, thus improving the monodispersity and yield of the product, changing the AR of GNRs (Ali et al., 2012). There have been more and more optimization measures for seedless methods in recent years, and the quality of synthesized products has gradually increased. Lai et al. added sodium oleate to the solution, which not only expanded the diameter range but also achieved high yield and high monodispersity (Lai et al., 2014). Based on Lai et al., Lucien et al. simultaneously manipulated the concentrations of CTAB and sodium oleate to achieve effective control of the morphology of GNRs (Roach et al., 2018).
Liu et al. replaced AA with a weaker reducing agent (hydroquinone) and cooperated with template modification, which greatly promotes the anisotropic growth of GNRs (Liu K. et al., 2017). Wang et al. used resveratrol as a reducing agent. Its weak reducibility can not only avoid secondary nucleation but also affect the adsorption of CTAB, thereby promoting the anisotropic growth of crystal grains (Wang W. et al., 2016). Other surface functionalization measures include the following: Yan et al. increased the concentration of the gold precursor solution to achieve a larger-scale synthesis of high-quality small GNRs (Yan et al., 2018). Katherinne et al. discovered that the addition of bioadditives, such as GSH and oxidized GSH (GSSG), to the solution could cause different effects on the AR, size, and yield of GNRs (Requejo et al., 2020).
FUNCTIONALIZATION AIMED AT SPECIFIC PROCEDURES OF GNRS FOR PTT
Generally speaking, the PTT effect of nanomaterials after entering the body is a continuous process, which includes retention in the blood circulation, interaction with the tumor microenvironment (TME), and ingestion by tumor cells to exert the PTT therapy effect. These links are inseparable, and each plays an essential role in killing tumors by materials based on GNRs. Some recent improvements for each specific step in PTT will be put forward, opening up a broader clinical prospect for the materials based on GNRs (Table 2).
TABLE 2 | Summaries of functionalization of gold nanorods aimed at specific procedures of photothermal therapy.
[image: Table 2]Cellular Uptake
Effective cellular uptake dependent on various physicochemical and biological parameters (Yang H. et al., 2016) is the basis of biological applications of GNRs. The cellular uptake of nanoparticles occurs after their interaction with cell membranes (Sun et al., 2018). Cells internalize GNRs through different mechanisms of endocytosis, including receptor-mediated endocytosis (RME; Chithrani et al., 2006), clathrin-mediated pinocytosis (Favi et al., 2015), caveolae and dynamin-dependent micropinocytosis (Saha et al., 2013), etc., which are influenced by cell types and characteristics of nanorods (Zhang et al., 2015). After entry into cells, the rod shape is maintained (Favi et al., 2015; Gao et al., 2016; Mahmoud NN. et al., 2019). Most nanorods scatter or aggregate in the cytoplasm or can be internalized in membrane-bound vesicles (Chithrani et al., 2006; Favi et al., 2015), stay in the endosome (Yang H. et al., 2016), and move through an endolysosomal pathway for degradation (Jiang et al., 2008; Chithrani 2010). A few GNRs clustered in the perinuclear zone and were allowed to enter the nucleus (Abdelrasoul et al., 2016). The following points can affect the cellular uptake of GNRs in different ways (Figure 2).
[image: Figure 2]FIGURE 2 | Illustration of several factors affecting the cellular uptake of GNRs.
Shape and Size
The shape and size of nanorods cause a significant impact on cellular uptake. Untargeted gold nanospheres can enter the cell more effectively than untargeted rod-shaped gold nanoparticles (Chithrani et al., 2006; Yang H. et al., 2016), whereas short nanorods modified with targeting ligands enter cells more effectively than their spherical counterparts (Favi et al., 2015; Yang H. et al., 2016). For instance, phospholipid-polyethylene glycol (PEG)-GNRs designed by Mahmoud et al. displayed higher cellular uptake efficiency (Mahmoud N. N. et al., 2019). In contrast, Lee et al. found that the uptake of chitosan-capped GNRs was lower than chitosan-coated gold nanospheres (Lee et al., 2019). In addition, it is suggested that a size range of 20–50 nm is favorable for cellular uptake (Jiang et al., 2008; Alkilany and Murphy 2010; Chithrani 2010; Bandyopadhyay et al., 2018), with the maximum uptake falls on 50 nm nanoparticles (Chithrani et al., 2006; Jiang et al., 2008). It is speculated that differences in the degree of nanoparticles entering cells are attributed to the competition between the membrane wrapping and receptor diffusion kinetics (Chithrani et al., 2006; Lee et al., 2019). Therefore, both extremely small and large nanoparticles would lead to inefficient uptake (Jiang et al., 2008), because small nanoparticles often lack the binding capability of ligands with receptors, and the slow receptor diffusion of large nanoparticles leads to short wrapping time and low efficiency of cellular uptake (Chithrani et al., 2006; Jiang et al., 2008).
As the AR increases, the cellular uptake of nanorods decreases (Chithrani et al., 2006; Chithrani 2010; Qiu et al., 2010; Yang H. et al., 2016). Yang et al. believed that DNA-coated gold nanoparticles with different ARs enter the endothelial cells via the same caveolae-mediated pathway and found that ARs influenced the orientation of GNRs. Long DNA-coated nanorods prealign to the cell membrane almost parallelly and then rotate by about 90° to enter the cell, whereas short nanorods can directly be entrapped by cells without rotation (Figure 3; Yang H. et al., 2016). Qiu et al. also found that long nanorods tended to form larger aggregates with loose structures, requiring more energy consumption for endocytosis (Qiu et al., 2010).
[image: Figure 3]FIGURE 3 | Two mechanisms of cellular uptake of gold nanorods: receptor-mediated endocytosis and caveolae dependent pinocytosis. Long nanorods pre-align to the cell membrane almost parallelly, then rotate by around 90° to enter the cell, while short nanorods can directly be entrapped by cells without rotation.
Surface Charge and Decoration
Surface chemistry, determined by factors such as surface charge, hydrophilicity, and surface functionalization, shows vital importance in the interaction between GNRs and cells.
GNRs bearing cationic structures bind to the cell membrane and are taken up by cells more efficiently than GNRs bearing anionic structures due to the electrostatic interaction between the positively charged surface and the negatively charged cell membrane (Chithrani et al., 2006; Alkilany et al., 2012; Kah et al., 2014; Sun et al., 2018; Zarska et al., 2018). Materials with hydrophilicity display better interaction with cell membranes to some degree (Kah et al., 2014). However, a preferential uptake for the negatively charged nanoparticles was reported by Patil et al. and Mahmoud et al. (Patil et al., 2007; Mahmoud NN. et al., 2019), which could be explained by the fact that proteins absorbed from biological media form a “protein corona,” altering the surface chemistry and size of the associated nanoparticles, thus enhancing or retarding their cellular uptake (Alkilany et al., 2009; Alkilany and Murphy 2010; Kah et al., 2014; Mahmoud NN. et al., 2019). The properties of nanoparticles, as well as the environment, affect the proteins adsorbed on the surface of nanoparticles (Kah et al., 2014; Favi et al., 2015; Hashemi et al., 2019), and both the types and amount of absorbed proteins influence the cellular uptake mechanism (Ding et al., 2018; Sun et al., 2018). Proteins may induce nanoparticles to enter the cells via the protein-RME (Alkilany et al., 2012; Abdelrasoul et al., 2016).
Traditionally synthesized GNRs were coated with CTAB, and displacing CTAB with PEG chains greatly reduced the uptake (Huff et al., 2007; Qiu et al., 2010; Alkilany et al., 2012; Garcia et al., 2015; Sun et al., 2018). Phospholipid-coated GNRs could enhance the uptake of nanorods due to their biochemical affinity to the cell membranes (Mahmoud N. N. et al., 2019). Inorganic-coated GNRs also demonstrated high cellular uptake (Zhu et al., 2014). GNRs decorated with targeting ligands endow the quick contact with receptors overexpressed on the membrane in some cancerous cells (Gao et al., 2016). Therefore, polypeptides targeting integrins (Ali et al., 2017c), folic acid (FA; Gao et al., 2016; Nair et al., 2018; Papaioannou et al., 2018), human serum albumin (has; Chuang et al., 2019), and hybrid albumin (Seo et al., 2019) were utilized to improve the uptake efficiency. Dual-peptide (Glu-Pro-Pro-Thr + myristoylated polyarginine peptide) labeled GNRs combined the effects of targeting and electrostatic and hydrophobic interaction to show significantly higher cellular uptake (Patino et al., 2015). In addition, Quan et al. (2019) believed that a higher density of ligands attracted more GNRs to the cell membrane.
Because multiple parameters, such as cell types (Zhu et al., 2014; Zhang et al., 2015; Mahmoud N. N. et al., 2019), medium components (Kah et al., 2014), incubation time (Quan et al., 2019), and concentration (Chithrani et al., 2006; Garcia et al., 2015), affect the cellular uptake, there are contradictions when studying its influencing factors, and the different conditions applied in separated experiments made it impossible to directly compare the uptake of different GNRs. Major cellular uptake experiments are conducted in vitro, which distinguishes it from the in vivo environment (Dobrovolskaia and McNeil 2007). Meanwhile, the study of cellular uptake mechanism and intracellular trafficking of GNRs are critical as they provide useful information (Zhang et al., 2015), which are still poorly understood. Therefore, more attention should be paid to in vivo experiments and mechanisms in further research to prepare optimized GNRs for treatments.
Blood Circulation
GNRs hold great prospects in the medical domain for their therapeutic effect on cancer, but their application in vivo also faces great challenges. One of the critical problems is the short blood circulation time. The long blood circulation time can ensure that the nanoparticles accumulate passively or actively in the tumor site. Thus, it is necessary to find a new strategy to prolong the blood circulation time of nanoparticles, which will greatly improve its therapeutic effect. Because GNRs are designed for intravenous injection and particularly relevant to the blood system, the cells of the blood system will be one of the first biological systems to be exposed to the injected nanomedicine, and blood compatibility is essential for GNRs. The full development of nanotechnology in pharmaceutical products still requires efforts to transform it from a laboratory environment to a clinical application. Because toxicity accounts for 20% of all drug failures in clinical trials, it must be considered as potential factors for the failure of nanomaterials (Kola and Landis 2004), and the local therapeutic nanocomposites with the advantage of low systemic toxicity exhibit a more promising prospect (Jiang et al., 2019). Therefore, recent research on reducing the systemic toxicity of GNRs and prolonging their blood circulation time, enhancing the therapeutic effect, is introduced.
Reduce Toxicity to Endothelial Reticular Cells
GNRs are promising agents in biomedical applications, such as sensing, imaging, drug delivery, and cancer therapy, but their biosecurity remains to be an unsolved and controversial problem to some extent. Qiu et al. looked into the effect of AR and surface coating on the toxicity of GNRs. Their data showed that the cytotoxicity was independent of shape but related to the surface coating (Qiu et al., 2010), which was also confirmed by Jiang et al. (2020). The methods of reducing the concentration of CTAB, which mainly caused the cytotoxicity of GNRs, have been mentioned above, chiefly by cleaning repeatedly or utilizing nontoxic surfactants in the industrial production process. This study focused on the improved surface functionalization of GNRs to reduce toxicity. For example, PEG-modified gold nanoparticles can reduce the damage to the vascular endothelium (Hou et al., 2019a). Ali et al. cleaned GNRs twice to remove CTAB and did surface functionalization using PEG and Arg-Gly-Asp (RGD) peptide to eliminate the toxicity of GNRs (Ali et al., 2017c). They also linked rifampicin (RF) to GNRs, which proved to lower toxic effects (Ali et al., 2017b). Seo et al. directly replaced CTAB with thio-bovine serum albumin (BSA-SH), synthesizing a novel material to reduce toxicity, and it is suitable for glomerular excretion (Seo et al., 2019). Positively charged substances can nonspecifically bind to most cells in circulation, leading to low drug accumulation in tumor sites and significant adverse effects on normal tissues (Han et al., 2015). A negatively charged biomaterial in the body fluids, serum albumin, exhibits superior biocompatibility and biodegradability. Studies have shown that serum albumin-covered GNRs can dramatically circumvent the cytotoxic effects induced by CTAB (Encinas-Basurto et al., 2018). To sum up, the surface functionalization of GNRs has a great impact on reducing the toxicity of residual CTAB. Although many surface modifiers have been found, further efforts are needed to develop a more simple, inexpensive, and green one, worthier for clinical use.
Prolong the Time of Blood Circulation
Compared to indocyanine green and other photothermal materials, the removal rate of GNRs in vivo is relatively slow (Ishizawa et al., 2009). Long blood circulation time, which ensures that nanoparticles passively or actively accumulate in the tumor sites, is essential for effective drug delivery and anticancer therapy (Davis et al., 2008; Zhang Z. et al., 2014). To achieve long-lasting blood circulation, “stealth” coatings, such as hydrophilic substances and even cell membranes, are introduced to stabilize nanomaterials and increase their solubility, thus prolonging blood retention and reducing unnecessary uptake in the reticuloendothelial system (RES). However, these stealth coatings may significantly reduce the contact between nanomaterials and cells in the tumor region, thereby reducing endocytosis. Achieving long blood circulation time of nanomaterials while maintaining enhanced cancer cellular uptake remains a great challenge. Only by taking both the two factors into account can a good therapeutic effect be achieved.
One feasible measure is to attach tumor-targeting groups together with antifouling coatings, which inhibit nonspecific binding during the cycling of nanomaterials. When the complex reaches the tumor sites, the protective layer can be automatically removed to expose the internal targeting groups, thus promoting cellular uptake (Olson et al., 2010; Wang S. et al., 2016; Sun et al., 2016; Adamiak et al., 2017; Han et al., 2017; Piao et al., 2018). This coating is similar to the stealth coating. When it reaches the tumor site’s microenvironment, the properties of the coating are transformed to increase blood circulation while increasing cell endocytosis in the tumor region (Zhu et al., 2013; Ohta et al., 2016; Parak 2016). Similarly, Wu et al. developed a zwitterionic stealth peptide coating that can respond to the tumor areas overexpressed matrix metalloproteinase-9 (MMP-9). The peptide consists of a Tat sequence, an MMP-9 cleavable sequence, and a zwitterionic antifouling sequence. It was bound to GNRs by ligand exchange to achieve long blood circulation time and high tumor accumulation. In detail, a highly cationic peptide sequence (GRKKRRQRRPQ) extracted from the Tat protein was used to construct the inner layer of the membrane. The Tat peptide can effectively penetrate cells and thus mediate the delivery of protein, nucleic acid, and nanoparticles. An MMP-9-sensitive peptide sequence was used as a bridge linking cell-penetrating peptide and antifouling peptide sequences to form a tumor-responsive peptide coating. To stabilize the nanomaterials, a zwitterionic peptide sequence was introduced on top of the response coating to act its good antifouling properties (Wu L. et al., 2019). Meanwhile, it has been reported that hydroxyethyl chitosan-coated nanoparticles are formed by cationic and anionic polymers and exhibit pH-sensitive surface charge reversal behavior, which can result in prolonged blood circulation time and fewer side effects (Peer and Margalit 2004). This is similar to the principle of amphoteric peptides mentioned above. Additionally, PEG-modified nanomaterials showed prolonged retention in circulation and increased solubility, and unnecessary uptake in the RES can be effectively reduced. Its effect of prolonging blood circulation is the same as that of the amphoteric peptide (Choi et al., 2018).
Reducing the material size is also a meaningful way to prolong blood circulation. Song et al. previously developed PEG and poly (lactic-co-glycolic acid) (PLGA) mixed brush-coated amphiphilic GNRs and further assembled them into biodegradable plasmonic vesicles for thermosensitive applications. The relatively huge vesicles (>200 nm), however, limit the local distribution of drugs, because the intravenous injection can lead to the rapid accumulation of drugs in the RES or liver and spleen. Individual GNRs with a width more than 8 nm and a length of about 40 nm are not readily excreted from the body even if the vesicles can degrade over time (Zhang Z. et al., 2014). The ideal plasma assembly with the size of sub-100 nm should consist of smaller GNRs and biocompatible materials. To overcome the above shortcomings, a novel plasmonic vesicle with minimal size (≈60 nm), which is biocompatible and dissociable, assembled by amphiphilic GNRs decorated with PEG and PLGA was proposed to prolong blood circulation and gain effective accumulation in tumor regions based on the enhanced permeability and retention (EPR) effects. AuNR@PEG/PLGA vesicles were degraded into small GNRs (AuNR@PEG) that are hydrophilic after PLGA hydrolysis, which were stable under physiological conditions and can be easily removed from the body (Song et al., 2015).
Increasing the blood circulation time of the material can be realized not only by adding stealth coating and improving the size of the material but also by changing the hydrophilicity of the material and increasing the water solubility. Xu et al. synthesized hyaluronic acid (HA)-functionalized GNRs, which show a relatively long blood circulation time. In addition, 24 h after administration, GNRs-HA-FA-doxorubicin (DOX) showed a higher retention rate in circulation than the previously reported GNRs of PEG, SiO2, and CS modifications (Chen et al., 2013; Black et al., 2014; Zhang Z. et al., 2014). The hydrophilicity and immunosuppressive property of HA grant GNRs-HA-FA-DOX excellent blood circulation time and retention rate (Peer and Margalit 2004). Zhang et al. wrapped self-assembled GNRs and Ganoderma acid A (Ga.A) into thermosensitive liposomes (LTSL). They used LTSL to coat Ga. A that effectively changed the polarity of Ga. A and showed good water solubility, exhibiting prolonged circulation time (Zhang et al., 2019).
To sum up, increasing the size of the material using stealth coating or other surface functionalization can reduce the interaction between the material and the blood system or other tissue systems and further prolong the blood circulation time of GNRs materials. Many studies have taken the two aspects into account: prolonged blood circulation and increased endocytosis of tumor cells. However, further exploration is needed in terms of specific mechanisms. The PTT of GNRs is a coherent process. More systematic studies are needed to explore other effects of the surface functionalization mentioned above, and comprehensive consideration is needed to enhance the PTT effect of GNRs.
Tumor Tissue Accumulation
The high concentration of drugs in the tumor site plays a key role in cancer therapy (Park et al., 2019), while unspecific targeting leads to low bioavailability and systemic toxicity. In various studies, based on the EPR effect, GNRs are modified into different sizes and shapes, or surface-functionalized with specific targeting agents, to increase the accumulation in tumor tissue. Besides, novel targeted delivery systems, such as cell-mediated targeting and homologous targeting, have drawn significant attention due to the capacity to overcome the disadvantages of traditional strategies. Therefore, recent studies that improve the tumor accumulation of GNRs are summarized as follows (Figure 4).
[image: Figure 4]FIGURE 4 | Illustration of recent improvements on the tumor accumulation of GNRs.
Passive Targeting
The leaky blood vessels and poor lymphatic drainage within solid tumors allow for the accumulation of nanoparticles of specific sizes and shapes in the tumor region, which is known as the EPR effect. However, the intensity of the EPR effect varies with the type, location, host, and stage of a certain tumor, affecting drug delivery efficiency and therapeutic outcome (Bertrand et al., 2014). Additionally, the physicochemical properties of a nanocarrier, such as size, shape, and hydrophilia, result in the heterogeneity of the EPR effect (Park et al., 2019). GNRs of smaller volume and higher AR, especially when packaged into sub-100 nm-sized plasmonic assemblies with biocompatible materials, contribute to the enhanced accumulation at the tumor site and the rapid excretion from the body after therapy (Song et al., 2015; Tong et al., 2016). A novel nanocarrier, DNA-origami, especially triangle-shaped origami, loaded with GNRs, facilitated the accumulation of drugs in the tumor tissue (Figure 5; Du et al., 2016a; Jiang et al., 2015). Moreover, hydrophilic polymers (Alkilany et al., 2012; Liao et al., 2015), proteins, and stealth coatings (Wu L. et al., 2019) are usually conjugated to the surface of GNRs, improving the EPR effect by prolonging systemic circulation. Due to the unsatisfactory therapeutic efficacy of EPR-dependent nanomedicines mostly caused by the heterogeneity of the EPR effect, effective measures should be taken to enhance it.
[image: Figure 5]FIGURE 5 | Optoacoustic evaluation of DNA-Nanostructure-Gold-Nanorod Hybrids which achieve better accumulation in tumor sites than pure GNRs. (A) The gold distribution (hot scale, a,c) and the corresponding oxygen-saturation maps (green to red scale, b,d) before intravenous injection of GNRs and GNRs with DNA nanostructures (D-GNRs) in 4T1-tumor-bearing mice. (B) GNRs and D-GNRs distribution (hot scale) at several time points including 5 min (a,f), 1 h (b,g), 3 h (c,h), 7 h (d,i), 24 h (e,j) after intravenous injection in 4T1-tumor-bearing mice (dashed outlined) overlayed on an optoacoustic image acquired at a single illumination wavelength (710 nm, gray scale). Scale bar = 5 mm. (C) 3D rendering the optoacoustic images in the cancerous regions on 4T1-tumor-bearing mice 24 h postinjection of the GNRs (a, hot scale) and D-GNRs (b, hot scale), overlayed on single wavelength images (c,d, 710 nm, gray scale). Scale bar = 5 mm. (D) Contrast ratio between the tumor and the region of back muscles extracted from the images for GNRs (blue) and D-GNRs (red). A section of the back muscle (indicated by the white arrows) is outlined in the initial single wavelength image (Du et al., 2016b).
Active Targeting Based on the Enhanced EPR Effect
GNRs nanoplatforms functionalized with antibodies (Chu et al., 2017), peptides (Singh et al., 2016), proteoglycan, vitamins (Papaioannou et al., 2018; Zhang et al., 2020), and aptamers realize selective targeting via binding to the specific receptors of tumor cells or the TME. To overcome the disadvantages of natural antibodies, such as poor stability, comparably complicated preparation process, and low affinity toward nonimmunogenic targets (Ye and Mosbach 2008), molecular imprinting technology was exploited to construct sialic acid (SA)-imprinted GNRs, which exhibited high affinity to cancer cells overexpressed SA (Yin et al., 2017). Additionally, increasingly more studies have focused on the potential molecular targets in TME. Serum albumin, capable of binding to gp60 receptors expressed on tumor vascular endothelial cells, was added to GNRs-based nanomedicines to achieve long blood circulation time and more intracellular accumulation of chemotherapeutic agents (Chuang et al., 2019; Seo et al., 2019). According to Huang et al., the combination with active targeting ligands did not significantly enhance the total tumor uptake of gold nanoparticles, simply affecting their distribution in tumor cells and the TME, which implied that the above active targeting agents are probably not the best choices (Huang et al., 2010).
Many researchers have recognized the pathophysiological properties of TME, such as hypoxia, low pH value (Moreira et al., 2017; Wang et al., 2018; Zhang C. et al., 2017), high concentration of GSH, and specific enzymes, as ideal targets toward cancer therapy. Carbonic anhydrase IX (CAIX), a transmembrane protein highly expressed in hypoxic zones, is critically involved in the cellular migration and metastasization of cancer cells. According to Chen et al., GNRs decorated with anti-CAIX antibodies exhibited preferential targeting to hypoxic tumor cells harboring cell-surface CAIX protein, which facilitated the selective ablation of these cells via PTT (Figure 6; Chen et al., 2018b). Interestingly, Fulvio et al. found that GNRs showed higher accumulation rates when conjugated with sulfonamides that act as inhibitors toward CAIX than conjugated with anti-CAIX antibodies, inducing the sensitization to subsequent optical ablation (Ratto et al., 2014). However, nanoparticles designed based on hypoxia of TME have been limited in clinical use, as the extent of hypoxia varies dramatically between tumors, leading to unpredictable therapeutic outcomes, for which the artificial induction of hypoxic stress or multitargeting strategies might be promising approaches (Park et al., 2019). Nanocarriers targeting TME-specific enzymes have been another research focus currently. Wu et al. developed a GNRs-loaded enzyme-responsive multifunctional peptide coating, the middle layer of which was sensitive to MMP-9, which is overexpressed in TME, inducing the degradation of the outer layer and penetration into tumor cells (Wu L. et al., 2019). Liu et al. constructed a triphenylphosphonium bromide (TPP)-coated mini-sized Au@silica nanorod, loading S-nitrosothiols, which induced the release of NO upon NIR laser irradiation, activating MMP-1 and -2 in the TME and subsequently eliciting collagen depletion and deeper penetration of nanomedicine into the tumor site (Liu et al., 2020). Moreover, multistimuli-responsive theragnostic nanoplatforms could also greatly improve the targeting efficiency (Xu et al., 2019).
[image: Figure 6]FIGURE 6 | The preparation and properties of hypoxia-targeted GNRs. (A) The preparation of hypoxia-targeted GNRs. The conjugation of GNRs with anti-CAIX antibody via bi-functional crosslinker. (B) Comparison of gold content in tissues by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 24 h after intravenous administration of targeted (GNRs/anti-CAIX) and untargeted (GNRs-PEG) GNRs in HT29-tumor-bearing mice (n = 4 for both groups). The uptake of GNRs/anti-CAIX was significantly higher than GNRs-PEG in xenograft tumor (*p < 0.05). The biodistribution in other organs was similar for both groups except higher uptake in the kidney for GNRs/anti-CAIX. (C) Photothermal ablation via near infrared irradiation of HT29 tumors 24 h after tail-vein injection of saline (n = 3), GNRs-PEG (n = 5, OD = 20) or GNRs/anti-CAIX (n = 7, OD = 20). Images of representative mice in each group prior to treatment, one day after treatment, and 16 days after treatment. Tumor volume plotted over time for all three groups. (D) No tumor regression in the saline-treated group; regression but recurrence of tumor in the GNRs-PEG treated group; and complete tumor regression in the GNRs/anti-CAIX treated group (Chen et al., 2018a). (Hypoxia-targeted gold nanorods for cancer photothermal therapy, https://creativecommons.org/licenses/by/3.0/).
Novel Targeting Strategies
Traditional nanodrug delivery systems based on the EPR effect and the binding of ligands and receptors have shown evident shortcomings in clinical use, such as low targeting efficiency, poor stability, and potential immunotoxicity. Recently, studies on GNRs-loaded nanoparticles carried by several natural cells such as macrophages (Walsh et al., 2017a; Borri et al., 2018), stem cells, cytokine-induced killer cells (CIK; Yang Y. et al., 2016), and platelets (Rao et al., 2018), which exhibit their deep penetration into the tumors as well as low immunogenicity and toxicity, have caught researchers’ attention. Macrophages are considered to be ideal carriers of nanomedicines due to their ability of natural phagocytosis, migration through the blood barrier, and targeting tumors. Nguyen et al. constructed a macrophage-based nanoplatform loaded with small-sized GNRs and DOX-containing nanoliposomes, which showed enhanced tumor coverage and deeper penetration into the 3D cancer spheroid model (Nguyen et al., 2020). According to An et al., the designed macrophage-loaded anionic GNRs facilitated cellular uptake and exhibited a macrophage-involved tendency to penetrate deeper into the hypoxic regions of tumors (An et al., 2019). Thus, the macrophage-mediated drug delivery system might overcome the therapeutic difficulties in hypoxic regions of tumors, which exhibit poor susceptibility to anticancer drugs, radiation, and free radicals. Similarly, stem cells have shown their potential in cell-mediated GNRs-loaded drug delivery as a result of the intrinsic characteristics of targeting tumors. Liu et al. fabricated a GNRs@SiO2@CXCR4 nanoplatform and loaded it into human-induced pluripotent stem cells (iPS). The enhanced migration from the injection site to the tumor site was observed in MGC803 tumor-bearing mice (Liu et al., 2016). To reduce the iPS risk of forming teratoma, Liu et al. further studied the inhibitory effect of mitomycin C on iPS. Mitomycin C-treated iPS in organs died after 7 days of PTT, exhibiting enough safety and simultaneously remarkable therapeutic efficacy (Yang et al., 2017).
Additionally, cancer cell membrane-camouflaged GNRs-loaded nanoparticles possess the capacity of immune escape and homologous targeting, mainly owing to the specific membrane proteins (Hanahan and Weinberg 2011), overcoming the disadvantages of traditional targeting agents, such as short blood circulation time, nonspecific binding, and immune clearance (Zhen et al., 2019). However, clinical translation of cancer cell membrane-based nanoparticles is not easy due to some unsolved problems. First, numerous proteins are expressed on tumor cell membranes, among which only a few play key roles in homologous targeting, whereas others would induce immune responses and adverse effects. Therefore, how to remove irrelated proteins is still a valuable question that deserves to be solved. Second, the relatively complex preparation process and the low yield of cancer cell membranes limit large-scale production. One group considered that the development of microfluidic technologies could be used to tackle manufacturing issues and promote clinical translation (Bose et al., 2018). Third, nanoparticles coated with cancer cell membrane cannot deeply penetrate the tumors, hindered by the dense extracellular matrix and rising interstitial fluid pressure in the tumor region. The surface functionalization of active targeting agents such as specific peptides would help enhance the permeability ability of nanoparticles. Last, the long-term biological effects of cancer cell membrane-camouflaged nanomaterials on healthy tissues should be further investigated (Zhen et al., 2019).
TUMOR-KILLING EFFECT
Photothermal Therapy
Hyperthermia is a clinical method used to kill tumor cells. Treatment at 50°C for 4–6 min or 42–45°C for 15–60 min can effectively kill tumor cells (Sapareto and Dewey 1984; Habash et al., 2006). However, traditional hyperthermia uses microwaves, ultrasound, and magnetic fields as heat sources to nonselectively irradiate the tumor site, which cannot guarantee tumor-specific treatment. While killing the tumor, it also damages the surrounding normal tissues (Vankayala and Hwang 2018). The discovery of photothermal agents in recent years has greatly increased the specificity of hyperthermia. A photothermal agent is a substance that can be injected into the body and accumulate at the tumor site through targeted modification and generate heat energy under external stimulation to increase the local temperature of the tumor. Among various photothermal agents, GNRs show a good photothermal conversion effect, owing to the SPR effect, and act as a better therapeutic material with their ability to absorb NIR, which can effectively penetrate healthy tissues (Lal et al., 2008; Bagley et al., 2013). The main advantages of PTT include less invasion than surgical treatment, high penetrability into deep tumor tissues due to the characteristics of NIR light, low toxicity, and high targeting ability, owing to proper surface functionalization of the contrast agent and the spatiotemporal control of treatment achieved through light irradiation (Vankayala and Hwang 2018). The main mechanism of PTT is that local high temperature induces a series of changes in cells, which leads to apoptosis or necrosis of tumor cells. Normal cells can be in a state of heat stress under high temperature, during which the expression of heat shock protein (HSP) increases, which reduces the damage caused by protein denaturation and inhibits the activation of apoptosis-related pathways simultaneously, so that cells reach an adaptive state (Beere 2004; Lanneau et al., 2008). However, when the temperature is too high and exceeds the cell adaptation range, the expression of HSP decreases. At this time, tumor necrosis factor (TNF)-related apoptosis-inducing ligand, caspase, Fas ligand, and TNF-α are overexpressed, causing the cells to undergo apoptosis. Moustafaet et al. studied different pathways that mediate apoptosis through quantitative proteomics analysis and discovered the important role of cytochrome C and p53-related pathways (Ali et al., 2017a). Song et al. utilized patch-clamp technology and discovered that local high temperature could open the TRPV1 ion channel on the cell membrane, induce excessive calcium influx, and activate the protease caspase-9 to cause cell apoptosis (Song et al., 2020). PTT can not only effectively kill local tumor cells. Wu et al. also found that the introduction of GNRs and NIR can inhibit the collective migration of tumor cells by changing the actin filaments and cell-to-cell connections, thus improving the prognosis of patients (Wu et al., 2018). Nabil et al. fabricated an improved mathematical model to investigate the delivery and hyperthermia effect of nanoparticles in cancer treatment, where they identified that perfusion and diffusion are two factors mediating the distribution of the particles and heat. Their study provided insights for a better underlying mechanism of hyperthermia (Nabil et al., 2015).
Gold nanoparticles of different shapes (GNRs, gold nanoshells, gold nanocages, gold nanospheres, etc.) possess different light-to-heat conversion efficiency, among which anisotropic GNRs display the highest efficiency (Von Maltzahn et al., 2009). To investigate the association between the size of GNRs and their photothermal conversion efficiency, Mackey et al. found that 28 × 8 nm GNRs have the best photothermal conversion efficiency through theoretical calculations and experiments. In practical applications, GNRs are often modified to form a multifunctional nanocomposite. Won Il Choi et al. loaded GNRs into nanocarriers to improve their performance. After injection into mice, they were exposed to laser irradiation of 780 nm and different power levels (41.5 and 26.4 W/cm2). The ablation of local tumor cells irradiated by the laser was observed, and the greater the laser irradiation power is, the more tumor cells died (Choi et al., 2011).
Combination of PTT and Chemotherapy
Drug resistance and system toxicity are the major shortcomings of chemotherapy (Peer et al., 2007). However, irradiation of NIR light not only causes a local temperature increase but also promotes the release of drugs in the nanocomposite. Therefore, the photothermal property of GNRs also exhibits the effect of drug release control, which allows GNRs and chemotherapeutic drugs to be incorporated in the same system, where the dual effects of high temperature and chemical drugs can kill tumor cells and enhance the therapeutic effect. Light-triggered drug release avoids the contact of chemotherapeutic drugs with normal tissues, and its efficient release at the treatment site also reduces the dosage of drugs used, thus minimizing the occurrence of dose-dependent side effects (Li Y. et al., 2018). For example, Liao et al. constructed a system of co-carrying GNRs and DOX, which achieved GNRs-mediated photothermal conversion and DOX light-triggered drug release under laser irradiation. The results showed that the combination therapy was better than PTT or chemotherapy alone. It was found that the dose of DOX in the combined treatment group was reduced by 50%, so the occurrence of side effects was reduced (Liao et al., 2015). The controlled drug release based on GNRs is a promising field, and more and more research is devoted to developing novel drug release systems. In the following paragraphs, several kinds of controlled drug release systems for GNRs based on PTT combined with chemotherapy are introduced.
Drug Release With pH/NIR Dual Response
Generally speaking, chemotherapeutic drugs loaded on the GNRs surface by encapsulation or physical adsorption often lead to unsatisfactory release behavior, which in turn leads to uncertainty in cancer treatment (Chen et al., 2014). Nanocomposites relying on endocytosis to enter cells are frequently trapped in lysosomal vesicles, resulting in the insufficient or slow intracellular release of drugs, as well as hindering its antitumor effect, especially in multidrug-resistant cells. It is easier to pump out little drugs with a more active efflux pump. Therefore, pH-sensitive nanocomposites can respond to pH gradients in lysosomes, thus promoting lysosomal escape to rapid intracellular release of drugs (Li W.-Q. et al., 2018). The following are the preparation process of some pH/NIR dual-response drug release systems.
Hou et al. synthesized a novel pH-sensitive targeted polysaccharide-GNRs conjugate carrying DOX through acidic unstable bonds. The pH decrease accelerated DOX release, confirming that the acid-induced hydrazine bond breakage promoted DOX release. It can prevent drug leakage while maintaining good stability under normal physiological conditions but trigger drug release rapidly in lysosomes and effectively reduce the side effects of leaky drugs, thus improving the therapeutic effect (Hou et al., 2019b). However, this novel nanomaterial can only load a relatively low dose of DOX and needs further improvement.
As a pH-sensitive switch, pH-responsive polyhistidine (PHIS), due to its unique properties and good biocompatibility, can be introduced into nanocomposites (Lee et al., 2003). Jiang et al. combined PHIS with mesoporous silica (mSiO2)-wrapped GNRs as known as GNRs/mSiO2. Because mSiO2 provides a specific area on the surface sufficient for drug loading, GNRs/mSiO2 have been developed previously for the combination of chemotherapy and PTT (Guo et al., 2020; Guo et al., 2021; Li et al., 2021). The acid response release characteristics of this material can be attributed to the protonation of PHIS under acidic conditions. The molecular motion is improved by NIR light absorption and light-to-heat energy conversion. Meanwhile, the weak bond between DOX and the hydroxyl groups of silica induces the rapid release of more DOX molecules. It is proven that the pH/NIR dually triggered drug release system of nanocomposites promotes intracellular drug release (Jiang et al., 2020).
Similarly, Xu et al. developed a pH/NIR dual-inspired drug release nanoplatform based on HA-modified GNRs. The nanoparticles have good stability and drug delivery behavior triggered by the pH and NIR, attributed to the heating of GNRs surrounding fluids caused by irradiation. The heating effect loosens the structure of the layer formed by HA and reduces the viscosity of the local solution of HA. Simultaneously, the heating effect promotes drug diffusion. In other words, the release of DOX can be adjusted by NIR irradiation and pH (Xu et al., 2017). Jin et al. synthesized GNRs/hydrogel core/shell nanospheres, and the release of 5-fluorouracil (5-FU) from nanospheres is significantly increased in mild acidic media. Moreover, the exposure to NIR light (808 nm) triggers a greater amount of 5-FU release (Jin et al., 2015).
Drug Release With Redox/pH/NIR Triple Response
S-S bonds in many nanomedicine delivery systems are often used in redox reactions, some of which can be used in combination with PTT, indicating that redox reaction release combined with hyperthermia is an effective method to inhibit tumors. For example, disulfide bonds are stable in circulation under physiological conditions. However, it can be cleaved quickly within cancer cells due to highly reductive environments (Zhang et al., 2019). The TME manifests the characteristics of low pH and high GSH level compared to normal tissue (Gao et al., 2014). To take advantage of this property, Hou et al. fabricated a GNRs-based complex containing hydrazine and disulfide bonds, which exhibits a pH/redox reaction dual-response drug release behavior (Hou et al., 2019a).
Similarly, some scholars combined GNRs with disulfiram (DSF), which exhibits GSH-, acid-, and laser-responsive release properties. DSFs have good stability with Au nanorods to avoid the premature release of drugs before reaching the tumor. This response release property makes it possible to selectively release drugs under internal and external stimuli, which provides a prospect for more efficient drug delivery (Xu et al., 2020).
A multifunctional nanosheet based on manganese dioxide (MnO2) and GNRs has been prepared in previous studies, in which MnO2 nanosheets are responsive to the slightly acidic environment and GSH-based reduction reaction, resulting in MnO2 degradation to manganese ions, leading to drug release (Gao et al., 2014). Wang et al. prepared PLGA nanoparticles loaded with GNRs and DTX (PLGA/AuNR/DTX) and then coated the ultra-thin nanofilm with MnO2 on the surface of it, constructing a new drug delivery system. Radiofrequency heating and MnO2 degradation can significantly promote controlled drug release in tumor regions (Wang et al., 2017).
All in all, combined with the unique response of GNRs to NIR, recent strategies depend on the breaking of bonds or denaturation of groups caused by acid, GSH, or other stimuli. More and more research has been devoted to developing special controlled drug release systems.
Combination of PTT and Photodynamic Therapy (PDT)
PDT relies on reactive oxygen species (ROS) generated by photosensitizers under excitation light to kill tumor cells. Both PTT and PDT rely on external laser irradiation to activate the photosensitizer, which achieves good temporal and spatial control. Chuang et al. loaded the PTT agent GNRs and PDT agent Chlorine6 (Ce6) together in adipose-derived stem cells and gave irradiation at 808 and 660 nm to stimulate the conversion of heat energy and the formation of ROS, respectively. Compared to the control group, there was a higher tumor cell mortality rate (Chuang et al., 2020). Tham et al. used zinc phthalocyanine to produce singlet oxygen, and GNRs was used as a photothermal conversion agent. The high temperature can promote blood flow and attract more oxygen for ROS generation, thus promoting the oxidation of tumor cells, which indicates that the two types of therapy can behave synergistically. (Tham et al., 2016).
Combination of PTT and Other Therapies
In addition to chemotherapy and PDT (Figure 7; Chuang et al., 2020; Liao et al., 2015), other treatment methods, including RT and immunotherapy, can also be combined with PTT. Zhang et al. combined PTT and immunotherapy. The team constructed a GMPF-indoleamine 2,3-dioxygenase (IDO) small interfering RNA (siIDO) composite system, in which GNRs is used as a PTT agent, siIDO is used to induce antitumor immunity, and FA is used as a targeting medium. IDO is an immunosuppressive factor that can weaken the body’s antitumor immunity. This system uses siIDO to silence gene expression to achieve the effect of immunotherapy (Zhang et al., 2020). Although the specificity of PTT is greatly improved, damage to surrounding tissues can be inevitable and trigger certain inflammatory reactions. Therefore, Dong et al. combined PTT with anti-inflammatory therapy, in which they enwrapped aspirin and GNRs together, and showed a better effect (Dong et al., 2018).
[image: Figure 7]FIGURE 7 | Combination of photothermal therapy and other therapies. (A) The combination of photothermal and chemotherapy using GNRs and doxorubicin co-loaded polymersomes (P-GNRs-DOX) irradiated by 808 nm laser. (Combined Cancer Photothermal-Chemotherapy Based on Doxorubicin/Gold Nanorod-Loaded Polymersomes, http://creativecommons.org/licenses/by-nc-nd/3.0/). (B) The combination of photothermal and photodynamic therapy using AuNR-PEG-PEI (APP)/chlorin e6 (Ce6)-loaded adipose-derived stem cell (ADSC) system irradiated by 808 nm light for PDT and 660 nm light for PTT. (Chuang et al., 2020).
DISCUSSION AND PERSPECTIVES
To meet the need for cancer therapy, GNRs should possess less toxicity, higher yield, good monodispersity, and specific sizes, shapes, and ARs to achieve ideal optical properties, which puts forward more requirements in the production process. The common synthesis methods and surface functionalization of GNRs for PTT have been reviewed. Up to the present, the seed-mediated growth method has become the most widely used method for the synthesis of GNRs due to its advantages of long-run development and ease of AR control. Many researchers improved the characters of the final products by adjusting the parameters during the synthetic process. For instance, repeated cleaning and changing a less toxic surfactant such as C12EDMAB (Allen et al., 2017) could effectively reduce the cytotoxicity. The ARs, sizes, shapes, monodispersity, and yield of GNRs vary when the synthetic environment is changed, including temperature, pH, time, and concentration.
However, there are still scientific research debates on the best match for shape and size. For instance, gold nanoparticles with rod-like structures have the SPR effect, thus manifesting a better photothermal conversion effect. With increasing AR, the maximum absorption peak of GNRs also shows a redshift. The size of GNRs is a matter of great concern. It has been reviewed that as the size of GNRs decreases, the heat generation efficiency, blood retention, and intratumoral penetration could be improved. However, smaller GNRs also exhibited greater toxicity due to their high surface area compared to the mass and higher probability to interact with normal tissues. Therefore, smaller GNRs, while showing better therapeutic effects, also increase the potential for toxic side effects (Ali et al., 2019), which is a significant clinic concern. Although the seedless synthesis method did not initially attract much attention, some researchers used the method to acquire products that are difficult to obtain by traditional seed-mediated growth methods, such as small-sized GNRs. However, a more advanced method is needed to synthesize ultrasmall GNRs, as traditional technology tends to increase the concentration of seeds added in the growth solution, which sacrifices both yield and monodispersity (Chang and Murphy 2018; Cheng et al., 2019; Mbalaha et al., 2019).
Prolonging blood circulation time, increasing active or passive targeting in the tumor region, enhancing cell uptake, reducing systemic toxicity, and enhancing the photothermal effect or tumor-killing efficiency combined with other effects in the tumor region are the key points to improve the tumor-killing effect of GNRs, and these links are inseparable and interactive. Using stealth coating or other surface functionalization, reducing the size of material can reduce the interaction between the material and the blood system or other tissue systems and prolong the blood circulation time of GNRs material. Many studies have taken the two aspects into account: prolonged blood circulation and increased endocytosis. However, the PTT of GNRs is a coherent process. Thus, further exploration is needed in terms of specific mechanisms. Another debate is that coating polymers cannot exhibit all the important properties needed, and most of them possess only one or two of the required properties. Some of the properties needed are contradictory. Therefore, we need to balance these factors to achieve the optimal tumor-killing effect.
Due to various parameters, such as the cell type (Zhu et al., 2014; Mahmoud N. N. et al., 2019; Hashemi et al., 2019), medium component, incubation time, and dosage affecting cellular uptake, contradictory results occurred when studying the influence of surface chemical factors on cell uptake. In addition, the cellular uptake mechanism of GNRs and the interaction between nanorods and the biosphere are still poorly understood. Meanwhile, most studies on nanomaterials are conducted in vitro, unlike the real situation in vivo (Dobrovolskaia and McNeil 2007). Moreover, GNRs with a high cellular uptake rate usually have a better therapeutic effect but may lead to cytotoxicity sometimes. As cell uptake is mainly influenced by surface coatings, it is necessary to further compare and explore the uptake process of tumor cells with different ligands to prepare optimized GNRs for PTT.
PTT still requires more experimental research, and the long-term cytotoxicity of nanomaterials must be understood before it is fully applied in the clinic. Meanwhile, the mechanism of PTT-mediated cell death is complex. Besides cell injury caused by high temperature, other factors that may induce further effects on cell growth remain unknown, which is worthy of further exploration. It is believed that, through this review, more research will solve the above problems and lay a solid road for the clinical application of GNRs.
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GLOSSARY
5-FU 5-Fluorouracil
AA ascorbic acid
AR aspect ratio
BSA bull serum albumin
CAIX carbonic anhydrase IX
Ce6 Chlorine6
CIK cells cytokine-induced killer cells
CPT camptothecin
CS chitosan
CXCR4 chemokine C-X-C-Motif receptor 4.
DOX Doxorubicin
DSF disulfiram
dSiO2 dense silica
ECM extracellular matrix
EPPT Glu-Pro-Pro-Thr
EPR effects enhanced permeability and retention effect
FA folic acid
GMPF GNR-MUA-PEI-FA
GNRs gold nanorods
GNRs gold nanorods
GSSG oxidized glutathione
HA hyaluronic acid
HAS human serum albumin
IDO Indoleamine 2,3-dioxygenase-1
IFP interstitial fluid pressure
iPS cells induced pluripotent stem cells
KMnO4 potassium permanganate
LSPR longitudinal surface plasmon resonance
MDR multiple resistant bacteria
MMP-9 matrix metalloproteinase-9; TPP
MnO2 manganese dioxide
MPAP myristoylated polyarginine peptide
mSiO2 mesoporous silica
MUA Mercaptoun-decanoic acid
NIR near infrared ray
PC protein corona; PEG
PCL poly (ε-caprolactone)
PDT photodynamic therapy
PEI polyethyleneimine
PHIS PH responsive polyhistidine
PLGA poly (lactic-co-glycolic acid)
PEG poly (ethylene glycol)
PSS poly (sodium 4-styrenesulfonate)
PTT photothermal therapy
RGD arginylglycylaspartic acid
RME receptor-mediated endocytosis
ROS reactive oxygen species
RT radiation therapy
SA sialic acid; HCl, hydrochloric acid
SDT sonodynamic therapy
TiO2 titanium dioxide
TME tumor microenvironment
TPP triphenylphosphonium bromide
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The specific
procedure

improve cellular uptake
efficiency

Reduce the damage to
vascular endothelium and
systemic toxicity

Prolong the blood circulation
time.

Enhance passive targeting
(EPR effect)

Enhance active targeting aimed
at the tumor-specific receptors

Enhance active targeting aimed
at the tumor-specific
pathophysiological condtions

Enhance cell-mediated
targeting

Enhance homologous targeting
(cancer cell membrane-
mediated targeting)

Improve the tumor kiling effect

Construct a pH/NIR triggered
drug release system

Construct a redox/pH/NIR
triggered drug release system

Materials

PEG-coated and DNA-coated GNRs

CTAB-coated GNRs, polystyrene sulfonate
(PSS)-coated GNRs, and poly
(diallyldimethyl ammonium
chioride)(PDDAC)-coated GNRs

Gitrate acid stabilized GNRs and transferrin-
coated GNRs

GNRs that feature cationic ligands with
diverse headgroups

GNRs functionalized with hairpin DNA
(hpDNA)

Folate-functionalized siica-coated GNRs
Neutral and cationic PEG-decorated GNRs

Anionic poly acryiic acid (PAA)-decorated
GNRs and bovine serum albumin (BSA)-
coated GNRs

Herceptin-GNRs complexes

PEGylated GNRs

Phospholipid-PEG-GNRs

Chitosan-capped GNRs

CTAB-coated GNRs and polyelectrolyte-
coated GNRs

Polyelectrolyte-coated GNRs and PEG-
GNRs

GNRs coated with (16-mercaptohexadecyl)
trimethylammonium bromide (MTABGNRs)

GNRs coated with CTAB, polyoxyethylene
cetyl ether, oligofectamine, and
phosphatidylserine

CTAB capped gold nanorods, GNRs
coated with polyacrylic acid (PAA) and poly
(allylamine) hydrochloride (PAH)
Albunin-coated and fibrinogen-coated
GNRs

Fetal bovine serum (FBS)-coated and non-
fos-coated GNRs

GNRs coated with two different densities of
SH-PEG

GNRs conjugated with methylated poly
(ethyleneglycol) chains bearing a terminal
amine (MPEG-NH,)

PSS-, PEG-, MSIO;-, dSiO;-, TiO-coated
GNRs

Arg gly asp (RGD) peptide-functionalized
GNRs

PEG coated GNRs treated with folic acid
and loaded with mitoxantrone

Short GNRs functionalized with folic acid
(FA) and 8-mercaptooctanoic acid (MOA) or
11-mercaptoundecanoic acid (MDA) and
loaded with pacitaxel (PCT)

Human serum albumin/GNRs/doxorubicin/

plga

Hybrid albumin nanoparticles encapsulating
small GNRs

Dual-peptide labeled GNRs

Poly (dialdimethylammonium chioride)-
coated GNRs

Multfunctional PEG-b-polypeptide-
decorated GNRs

Arg-gly-asp (RGD) peptide-functionalized
GNRs
GNRs linked with rifampicin

Albumin nanoparticies functionalized with
folic acid loaded with GNRs and doxorubicin
‘Small GNRs-loaded hybrid alburmin
nanoparticles

GNRs coated with a zwitterionic stealth
peptide

Polysarcosine brush stabiized GNRs
GNRs modified with folic acid-conjugated
block copolymers and Chiorine6(Ces)
Uttrasmall GNRs coated with PEG and
PLGA

Hyaluronic acid-functionalized GNRs

GNRs-loaded thermosensitive liposome-
encapsulated ganoderic acid
%4Cu-labeled PEGylated

GNRs with different volumes and aspect
ratios

A dissociable plasmonic vesicle with
ultrasmal size (<60 nm) assembled from
small amphiphiic GNRs (<8 x 2 nm) coated
with PEG and PLGA

A nanoplatiorm by assembing gold
nanorods (GNRs) on the surface of a
triangular DNA-origami structure
Self-assembled DNA origami-GNRs
ccomplex

GNRs coated with thiolated PEG

DOX and GNRs co-loaded polymersomes
modified by mPEG-PCL copolymer
GNRs coated with an enzyme responsive
zwitterionic stealth peptide coating consists
ofacel penetrating Tat sequence, an MMP-
9 cleavable sequence, and a zwitterionic
antifouling sequence

GNRs functionalized with folic acid and 8-
mercaptooctanoic acid (MOA) or 11-
mercaptoundecanoic acid (MDA) and
loaded with pacitaxel

GNRs functionalized with folic acid and
loaded with DO small interfering RNA
Arg-Gly-Asp (RGD) peptide-functionalized
PEGylated

GNRs

GNRs functionalized with PEG and
arg-Gly-Asp (RGD) peptides

GNRs combined with 15-polypeptide
GNRs linked with anti-cd11b antibodies-
decorated NPs

Anti-EGFR antibody-conjugated GNRs

Sialic acid (SA)-imprinted GNRs

Hybrid albumin nanoparticles encapsulating
small GNRs

GNRs/DOX/PLGA nanocomplexes coated
with human serum albumin (HSA)

DOX-loaded gold-core silica shel nanorods
with salicylic acid and NaHCO; loaded poly
(lactic-co-glycolic acid) based
microparticles

Anano-cluster prepared by sefi-assembing
of GNRs conjugated with DOX and
amphiphiic poly (curcumin-co-
dithiodipropionic acid)-b-biotinylated poly
(ethylene glycol)

Ce6-PEG-GNRs concerning hydrazone
bond

A new nanoconstruct composed of GNRs
conjugated to carbonic anhydrase X (CAIX)
antibody

GNRs coated with an enzymeresponsive
Zwitterionic stealth peptide coating consists
of a cellpenetrating Tat sequence, an MMP-
9 cleavable sequence, and a zwitterionic
antifouling sequence

A protein-free collagen nanosweeper,
triphenyiphosphonium bromide (TPP)
coated and S-nitrosothiols loaded ini-
sized Au@silca nanorod

GNRs functionalized with hyaluronic acid
(HA) bearing pendant hydrazide and thiol
groups via Au-S bonds and conjugated with
5-aminolevulinic acid (ALA), Cy7.5 and anti-
HER2 antibody

Disulfiram- GNRs integrate

Human CIK cells loaded with silica-coated
GNRs
GNRs-loaded platelets

Macrophages loaded with GNRs and
DOX-LPs

Macrophage-loaded Anionic-GNRs
Human induced pluripotent stem cells
loaded with GNRs @SI02@CXCR4
nanoparticles

Human induced pluripotent stem cells
loaded with GNRs @SI02@CXCR4
nanoparticles which were pre-treated with
mitomycinG (MMC)

Cancer cell membrane-coated GNRs

Cancer cell membrane loaded with a
biodegradable nanogel crosslinked by
cisplatin (CDDP) and functionalized with
GNRs and DOX

Chitosan-conjugated, pluronic-based
nanocariers with GNRs

GNRs and doxorubicin co-loaded
polymersomes

GNRs/chlorin e6(Ce6) loaded stem cell
system

Zinc phthalocyanine loaded GNRs

GNRs, folic acid, Ido smallinterfering
RNA nanocomplex
Pyrene-aspirin loaded GNRs

Anovel pH sensitive targeted
polysaccharide-GNRs conjugate
GNRS/MSIO, combined with PHresponsive
polyhistidine

Hyaluronic acid-functionalized GNRs

GNRs/hydrogel core/shell nanospheres.

GNRs-based complexes containing
hydrazine and disuffide bonds
Disuffram-GNRs

PH/Redox responsive core cross-linked
nanoparticles from thiolated carboxymethyl
chitosan

GNRs and docetaxel based nanoparticles
‘coated with ultra-thin MnQ., nano-film

Therapy type

Chemotherapy

Chemotherapy

Chemotherapy

PTT

PTT
Chemotherapy
PTT

Chemotherapy
PTT

Chemotherapy

Chemotherapy-
PTT

PTT
PTT
Chemotherapy-
PTT
PTT
PTT

PTT
PDT-PTT

PTT
PTT

Chemotherapy-
PTT

PTT

PTT-
chemotherapy
PTT

PTT-
chemotherapy

immunotherapy

i 333

93 4 33

3

chemotherapy

PTT-
chemotherapy

PTT-
chemotherapy

PTT-PDT

|

chemotherapy

3

immunotherapy

3 3
g.
F
g
2

i3

3

PTT-radiotherapy

PTT-
chemotherapy

PTT

PTT and

chemotherapy
PTT and PDT

PTT and PDT

PTT and
immunotherapy
PTT and anti-
inflammatory
therapy
Photothermal-
chemotherapy
Photothermal-
chemotherapy
Photothermal-
chemotherapy
Photothermal-
chemotherapy
Photothermal-
chemotherapy
Photothermal-
chemotherapy
Photothermal-
chemotherapy

Photothermal-
chemotherapy

Cell line

Hela
HeLa
Hela

HepG2

SK-BR-3
HelLa

MCF-7
T47D

HepG2
MCF-7

DU145

HelLa
TRAMP-C2

HT-29

MCF-7
SMCC-7721
GES-1

4T

KB

HepG2
HT-29
U-87TMG
PC-3
MDA-
MB-231
HSC-3
Hela

[e3

MDA-MB-
231 MCF-7

CT26

N2a

6606PDA

MCF-7

HSC
T-Us86
Hela

Nea
HepG2
A549
MCF-7and
AS49
UB7TMG
BI6F10.9

MCF-7

Us7MG
Us7MG

4T1
MCF-7

C26

HepG2

MDA-MB-
231/MCF-7

HSC-3

Hela/
MCF-7
SKOV-3

MDA-
MB-231
HepG-2
Nea

cT26/
MCF7/
MCF7-ADR

HelLa

MCF7/
MCF7-ADR

HelLa

HT29

HepG2

Hela/4T-1/
MCF-7

MCF-7

MCF-7
MGC803
cAL27
411

4T

MGC803

MGC803

KB

4T

8CC7
C26
CT26
Hela
MCF-7
uc

4T

MCF-7
SW620
MCF-7
PC3

MCF-7
MCF-7

HelLa

MCF-7

Cancer model

Rabbit liver VX-2 tumor

Murine colon cancer

Giioblastoma N2a tumor-
bearing mice

Breast cancer

Head and neck squamous
cel carcinoma (HNSCC)
Human cervical cancer
Giioblastoma

Human liver cancer

Human lung cancer

Human glioma
Murine melanomas
Human breast cancer

Human glioma

Human glioma

Breast cancer

Breast cancer

Mouse colon cancer

Human liver cancer

Breast adenocarcinoma

LLG (lewis lung cancer)

Human oral squamous cell
carcinoma

Human cervical cancer/

Breast cancer
Ovarian cancer

TNBC (triple negative breast
cancer)

Human hepatoma carcinoma
Glioblastoma

Mouse colon cancer/Human
breast cancer/Multidrug-
resistant human breast
cancer

Human cervical cancer

Human breast cancer/
Multidrug-resistant human
breast cancer

Human cenvical carcinoma

Human colon
adenocarcinoma

Human liver cancer

Human cervical cancer/
Breast cancer

Breast cancer

Breast cancer

Gastric cancer

HNSCC (head and neck
squamous cell carcinoma)
Breast cancer

Breast cancer

Gastric cancer

Gastric cancer

Human oral squamous
cancer

Breast cancer

Squamous carcinoma
Colon cancer

Colon cancer
Cenvical cancer
Breast cancer

Lung cancer

Breast cancer

Breast cancer

Human colon cancer
Breast cancer

Human prostate cancer
Breast cancer

Breast cancer

Human cervical cancer

Breast cancer
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Synthesis methods Goals of improvements

Specific methods References

Seed-mediated growth Reduce toxcty

method

A simple “one-pot method” Heetal (2018)

was proposed which adds

sodium borohyciide to

remove CTAB.
Replacing ascorbic acid with doparine Requefo etal. (2017)
Using a less toxic surfactant, dodecy! dimethyi ammonium brormide (G12EDMAB) as an atemative Alen et al. (2017)
Synthesizing holow GNR with nontoxc modifiers Caietal. (2018)
Control the AR

increasing the concentration Suet al. (2015, Galina et a. (2016)

of siver nitrate for higher AR
Adiusting the reaction time Znang et al. 20170)
Adiusting the temperature Liu et al. 20175)
Adiusting the pH Zhang et al. (2014a); (Chang and Murphy 2018)
Adiusting the concentration of the ascorbic acid U etal. (2018a)
Adiusting the amount of the seeds Suetal. (2015)
Adiusting the concentration of the CTAB. Hormozi-Nezhad et al. (2013)
Using 3-aminophend s the reducing agent Wu et al. (2019b)
Adding HOI Wang et al. (20160)
‘Adding bioadditves like gtathione or smal thiolated moleciles Requeio et al. (2020)
Thermal reshaping Huang et dl. (2018)
Contro the size

Adjusting the concentration of (Ghang and Murphy 2018); Cheng et al. (2019); Mbalaha et a. 2019)

seeds added in the growth

solution

Control the end shape Longer cyincrica-shaped GNRs were syrthesized by adding HCl and dog-bone shaped GNRs were fabricated  Wang et al. (2016¢)
in the group without HCI
The numbr of anions rather than the pH altered by HCI chiefly determines the end shape Kim et al. (2016)
Improve the monodispersity

Replacing the ascorbic acid Ghosh et al. (2017)

with hyroquinone
Replacing the ascorbic acid with 3-aminophenol (Vigderman and Zubarev 2013)
Replacing the ascorbic acid with pyrogalol Huang et dl. (2015)
Replacing the ascorbic acd with dopamine Suetal (2015)
Improve the reproducibilty

Continuous agitation at a Galina et a. (2016)

constant temperature of 30°C:
Using GTAB and n-decanol as surfactants Seperating the symmetry breaking and the seeded growth process  Gonzalez-Rubio et al. (2019)
Secondary growth of GNRs. Kniebtsov et al. (2014al; Kilebtsov et al. (20146)
Controled etching ‘Szychowski et al. 2018)
Improve the yield

Increasing HAUC, (Knanal and Zubarev 2019)

concentration and slowly

acking ascorbic acd
Simutaneously increasing the concentration of seeds and reactants Park etal. (2017)
Adding ascorbic acid to GNR solution continuously Kozek et al. (2013)
Replacing ascortic acid with hycroquinone Requeio etal. (2018)
Using hycroquinone as a reducing agent Zhang et al. (20142)
Using 3-aminophenol as the reductant Wu et al, (20190)
Introducing siver ion for high yields of short GNRs Hormozi-Nezhad et al. (2013)
Using freshiy prepared siver nitrate and ascorbic acid solutions Burrows et dl. (2017)
Using different concentrations of GSSG at 30 min of reacton Requeio et al. (2020)
Raising pH Xa etal. 015)
‘Asymmetic-fiow fied flow fractionation (A4F) Nauyen et al. (2016)
Introducing the right proportion of seeds, Au™ ion, ascorbic acid, and CTAB (Sau and Murphy 2004)

Seediess method Improve morphology

Adjusting the concentrations Roach et al. 2018)

of GTAB and sodium oleate

Promote the anisotropic growth Introducing a weaker reducing agent (hycroquinone), with template modification Liu et al. (20172)
Introducing a weaker reducing agent (resveratrol) Wang et al. 20165)
Improve the yield

increasing the concentration Yan eta. (2018)

of the gold precursor solution





OPS/xhtml/nav.xhtml
Contents

		Cover

		Improvement of Gold Nanorods in Photothermal Therapy: Recent Progress and Perspective		Introduction

		Synthesis Methods of GNRs and Their Improvements		Seed-Mediated Growth Method

		Seedless Synthesis Method





		Functionalization Aimed at Specific Procedures of GNRs for PTT		Cellular Uptake

		Blood Circulation

		Tumor Tissue Accumulation





		Tumor-Killing Effect		Photothermal Therapy

		Combination of PTT and Chemotherapy

		Combination of PTT and Photodynamic Therapy (PDT)

		Combination of PTT and Other Therapies





		Discussion and Perspectives

		Author Contributions

		Funding

		Glossary

		References









OPS/images/cover.jpg
‘ frontiers
in Pharmacology

Improvement of Gold Nanorods
in Photothermal Therapy: Recent
Progress and Perspective





OPS/images/fphar-12-664123-g001.gif
s Mo





OPS/images/fphar-12-664123-g002.gif
el Uptake o Gl Nanorods

pspecthilo










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





