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(4) GREEN SYNTHESIS OF GOLD NANOPARTICLES AND THEIR PHOTOTHERMAL AND PROTEIN INTERACTION STUDIES ABSTRACT Utilization of toxic chemicals in the synthesis of gold nanoparticles (AuNPs), poor stability and low biocompatibility of AuNPs in physiological system are some of the factors that limit the clinical applications of AuNPs. Herein, we describe the use of. ay. a. Curcuma mangga (CM) extract as an alternative method for the synthesis of safe, stable and biocompatible CM-AuNPs to circumvent these constraints. Effects of time, CM. al. extract and gold (III) chloride trihydrate (HAuCl4·3H2O) concentration on the synthesis. M. of CM-AuNPs were studied using UV-Vis spectroscopy. Incubation of 4 ml of CM extract (10 mg/ml) and 10 ml of HAuCl4 (1 mM) for 24 h at room temperature was found. of. to produce spherical AuNPs with higher stability, thus these conditions were used to. ty. synthesize CM-AuNPs for subsequent studies. Transmission electron microscopic analyses characterized CM-AuNPs as spherical particles with an average particle. si. diameter of 15.6 nm. The field effect scanning electron microscopic data also supported. ve r. these results. Fourier transform infrared spectral analysis showed importance of carbonyl groups of terpenoids, present in the CM extract used in the synthesis of CM-AuNPs,. ni. which act as a reducing agent. Greater stability of CM-AuNPs compared to citrate-AuNPs. U. in various buffers or media was evident from the absence of significant change in the UV-Vis spectral characteristics. CM-AuNPs also exhibited low cytotoxicity to human colon fibroblast, CCD-18Co and human lung fibroblast, MRC-5 cell lines. Furthermore, CM-AuNPs were also found to be red cell-compatible, showing less than 10% hemolysis without any erythrocytes’ aggregation. The interaction of CM-AuNPs with human serum albumin (HSA) was also investigated to understand their transport in human circulation. Fluorescence spectral studies suggested that the interaction of CM-AuNPs with HSA was. iii. 

(5) initiated by dynamic quenching mechanism. The binding constant obtained at 25˚C was found to be 0.97 × 104 M-1, indicating moderate binding affinity between CM-AuNP and HSA. Thermodynamic analysis revealed involvement of hydrophobic forces in CMAuNP-HSA complexation. Alteration in the tertiary structure of the protein was also observed upon interaction of HSA with CM-AuNPs, as analyzed by circular dichroism analysis. Three-dimensional fluorescence spectral results suggested microenvironmental perturbations around protein’s fluorophores upon CM-AuNPs interaction with HSA. CM-. ay. a. AuNPs binding site has been predicted to be Sudlow’s site II, located in subdomain IIIA of HSA. Photothermal efficiency of CM-AuNPs was evident from the increase in the. al. media temperature upon photoirradiation. The media temperature increased with. M. increasing laser intensity and CM-AuNP concentrations. The percentage viability of MCF-7 breast cancer cells was markedly reduced upon photothermal treatment with CM-. of. AuNPs. CM-AuNP-dependent photothermal-induced MCF-7 cells’ death were found to. ty. be mediated by apoptosis. All these results suggested potential use of CM-AuNPs as. si. therapeutic agents in cancer therapy.. ve r. Keywords: gold nanoparticles, Curcuma mangga, human serum albumin, fluorescence. U. ni. quenching, photothermal effect. iv. 

(6) SINTESIS HIJAU NANOPARTIKEL AURUM DAN KAJIAN FOTOTERMA DAN INTERAKSI PROTEIN ABSTRAK Antara faktor-faktor yang mengehadkan penggunaan partikel emas nano (AuNPs) dalam bidang perubatan ialah penggunaan bahan kimia toksik untuk sintesis AuNPs, ketidakstabilan AuNPs dalam sistem fisiologi dan keserasian biologi yang rendah. Dalam. a. kajian ini, sintesis hijau dengan ekstrak Curcuma mangga (CM) digunakan sebagai. ay. kaedah alternatif untuk menghasilkan CM-AuNPs yang selamat, stabil dan bio serasi. al. dalam menangani kekangan tersebut. Kesan masa, kepekatan ekstrak CM dan aurum (III) klorida trihidrat (HAuCl4·3H2O) terhadap sintesis CM-AuNPs telah dikaji dengan. M. menggunakan spektroskopi UV-Vis. Inkubasi 4 ml ekstrak CM (10 mg/ml) dengan 10 ml. of. HAuCl4 (1 mM) selama 24 jam dalam suhu bilik didapati menghasilkan AuNPs yang berbentuk sfera dengan kestabilan yang lebih tinggi. Oleh itu, keadaan tersebut telah. ty. digunakan untuk menghasilkan CM-AuNPs bagi kajian seterusnya. Mikroskopi elektron. si. transmisi mencirikan CM-AuNPs sebagai zarah berbentuk sfera dengan diameter purata. ve r. zarah sebagai 15.6 nm. Data daripada mikroskop pengimbas elektron kesan medan juga mengesahkan keputusan tersebut. Analisis dari spektroskopi inframerah transformasi. ni. fourier menunjukkan kepentingan kumpulan karboknil dalam terpenoid yang hadir dalam. U. ekstrak CM yang digunakan dalam sintesis CM-AuNP, bertindak sebagai agen reduksi. Kestabilan CM-AuNPs yang lebih tinggi berbanding dengan sitrat-AuNPs di dalam pelbagai buffer atau media disahkan oleh ketidakhadiran perubahan ketara dalam pencirian spektra UV-Vis. CM-AuNPs juga mempamerkan ketoksikan yang rendah terhadap sel-sel fibroplast kolon manusia CCD-18Co dan fibroplast paru-paru manusia MRC-5. Selanjutnya, CM-AuNPs juga telah didapati serasi dengan sel darah merah, menunjukkan peratusan hemolysis yang kurang daripada 10% tanpa sebarang pengagregatan sel darah merah. Interaksi CM-AuNPs dengan albumin serum manusia v. 

(7) (HSA) juga diselidik untuk memahami pengangkutannya dalam sistem peredaran manusia. Spektroskopi fluoresens mencadangkan interaksi antara CM-AuNPs dengan HSA telah dicetuskan oleh mekanisme pelindapkejutan dinamik. Nilai pemalar pengikatan pada 25˚C telah didapati sebagai 0.97 × 104 M-1, menunjukkan kekuatan pengikatan yang sederhana antara CM-AuNP dengan HSA. Analisis termodinamik mengutarakan penglibatan daya-daya hidrofobik dalam pengkompleksan CM-AuNPHSA. Perubahan di dalam struktur tertiar protein juga telah diperhatikan selepas interaksi. ay. a. HSA dengan CM-AuNP, seperti yang dianalisis oleh dikroisma bulatan. Spektroskopi fluoresens 3D mencadangkan perubahan persekitaran mikro di sekitar fluorophores. al. protein ketika interaksi CM-AuNP dengan HSA. Tapak pengikatan CM-AuNP telah. M. diramalkan sebagai tapak II Sudlow, terletak dalam subdomain IIIA HSA. Kecekapan fototerma CM-AuNPs telah ditunjukkan dengan kenaikan suhu media apabila disinarkan. of. dengan laser. Suhu media meningkat dengan peningkatan keamatan laser dan kepekatan. ty. CM-AuNP. Peratusan “viability” sel kanser dada MCF-7 telah menurun secara mendadak selepas dirawat dengan CM-AuNP. Kematian sel-sel MCF-7 didorong oleh proses. si. fototerma dan bergantung kepada CM-AuNP telah dicetuskan oleh apoptosis. Semua. ve r. keputusan tersebut mencadangkan potensi kegunaan CM-AuNP sebagai agen terapeutik. ni. bagi rawatan kanser.. U. Kata kunci: partikel emas nano, Curcuma mangga, albumin serum manusia, pelindapkejutan kependarfluoran, kesan fototerma. vi. 
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(23) CHAPTER 1: INTRODUCTION 1.1. Research background. Ineffectiveness of current cancer therapeutics such as chemotherapy, radiotherapy and surgical removal has led to severe side effects to cancer patients, thus provide insufficient therapeutic benefits (Steichen et al., 2013; Maeda et al., 2013). Nanoparticles have emerged as potential therapeutic agents to replace the use of conventional chemotherapeutic drugs, due to their ability to be delivered to the target sites through. ay. a. enhanced permeability and retention effect (Maeda, 2001). Ease of synthesis and functionalization have made gold nanoparticles (AuNPs) as the nanoparticles of choice. al. for therapeutic use (Daniel & Astruc, 2004). Ability of AuNPs to dissipate the absorbed. M. light as heat has been successfully exploited in using them as a photothermal agent for cancer treatment. Photothermal therapy is a noninvasive cancer therapy, which uses. of. localized heat produced from the photon energy for killing of cancer cells (Huang & El-. ty. Sayed, 2011).. si. Conventional methods of AuNPs synthesis i.e., chemical methods or physical methods. ve r. often involve the use of hazardous substances, such as cetyl trimethylammonium bromide (CTAB), hydroxylamine and sodium borohydride (PubChem Compound Database, n.d.;. ni. Alkilany et al., 2009; Evelo et al., 1998), which can be toxic to human system. For. U. example, CTAB-coated gold nanorods have shown damage to the cell membrane, increased lysosomal membrane permeation and decreased mitochondrial membrane potential, which subsequently induce cell death (Wan et al., 2015). Besides their toxicity to normal cells, chemically synthesized-AuNPs often require additional stabilizing agents for their clinical applications (Moore et al., 2015), as physiological environment is abundant with proteins and salts which may lead to aggregation of AuNPs (Alkilany & Murphy, 2010; Wang et al., 2014). Both toxicity and low stability of AuNPs have limited their use in clinical applications. 1. 

(24) In recent years, green synthesis of AuNPs has emerged as an alternative method due to its simplicity, low cost, energy-efficient and minimal production of hazardous waste (Nath & Banerjee, 2013). Green synthesis utilizes natural biomolecules such as phytochemicals, polysaccharides and microbial enzymes as the reducing and stabilizing agents for AuNP synthesis (Basha et al., 2010; Maity et al., 2012; Menon et al., 2017). In contrast to the physical and chemical methods of AuNP synthesis, green synthesis does not require heat or pressure, which ultimately reduces the energy usage and thus lowers. ay. a. the production cost (Du et al., 2012). Plants showing antioxidant activity, including ginger contain phytochemicals which can be potentially used as a reducing agent for AuNPs. al. synthesis. Curcuma mangga (CM) is a type of ginger and is traditionally used in the. M. treatment for fever, stomach aches and cancer (Malek et al., 2011). It has been shown to possess anticancer, antioxidant and antimicrobial properties (Malek et al., 2011; Liu &. of. Nair, 2011; Philip et al., 2009). Numerous phytochemicals with antioxidant activity have. ty. been reported to be present in CM extract (Liu & Nair, 2011), which can be used as the. si. reducing agent for the synthesis of AuNPs.. ve r. Interaction of AuNPs with proteins can affect their biodistribution, uptake, efficacy and cytotoxicity (Wolfram et al., 2014; Nguyen & Lee, 2017). Among various proteins,. ni. serum albumin is the most abundant protein in blood plasma and is the major transporter. U. in human circulation, which plays an important role in shuttling of endogenous and exogenous ligands, including drugs and metabolites. It is a globular protein of 66 kDa, consisting of 585 amino acid residues in a single polypeptide chain with only one tryptophan (Trp-214) residue (Ghuman et al., 2005). Ligands mainly bind to human serum albumin (HSA) at either of the three well known ligand binding sites, i.e. Sudlow’s site I, Sudlow’s site II or site III, located in subdomains IIA, IIIA and IB, respectively (Sudlow et al., 1975; Brunmark et al., 1997). The binding affinity of drug to HSA determines its. 2. 

(25) delivery, distribution, efficacy and toxicity under in vivo system (Ghuman et al., 2005; Sudlow et al., 1975). 1.2. Problem statement and research objectives. Although several plant extracts with antioxidant activity have been used as a reducing agent for AuNPs synthesis, CM extract has not been tested so far for the green synthesis of AuNPs. Since CM extract has been shown to possess antioxidant activity, several. ay. a. questions remain to be answered regarding its use in the green synthesis of AuNPs: 1. Can CM extract be used as a reducing agent for AuNPs synthesis?. al. 2. What are the characteristics of the AuNPs, synthesized using CM extract?. M. 3. How do these AuNPs (CM-AuNPs) interact with the major transport protein of human circulation?. of. 4. Can CM-AuNPs be used as a photothermal agent for treating cancer cells?. ty. In view of the above, the aims of the present study are to synthesize AuNPs using CM. si. extract and study their interaction with HSA as well as their application as a photothermal. ve r. agent in cancer treatment. In order to achieve these aims, following objectives were set: 1. To synthesize AuNPs using aqueous ethanol extract of Curcuma mangga. ni. 2. To characterize these AuNPs (CM-AuNPs) using spectroscopic and electron. U. microscopic techniques. 3. To investigate cytotoxicity and blood compatibility of CM-AuNPs 4. To study interaction of CM-AuNPs with human serum albumin 5. To evaluate photothermal effect of CM-AuNPs on cancer cells. 3. 

(26) 1.3. Thesis outline. This thesis is comprised of five chapters: Chapter 1: Introduction. This chapter describes the limitations of current cancer therapy and suggests the use of AuNPs for photothermal treatment. The advantages of green synthesis of gold nanoparticle and importance of protein interaction studies have. a. also been discussed. Research problems and objectives are clearly stated in this chapter.. ay. Chapter 2: Literature review. This chapter presents the background of cancer, nanotechnology and protein interaction studies. Different AuNPs synthesis methods as. al. well as exploitation of AuNPs properties for different biological applications have also. M. been discussed. The importance of interaction of AuNPs with HSA, its physicochemical. of. and structural properties have been included.. Chapter 3: Materials and methods. The materials used and the methods employed in. ty. this study were described in detail in this chapter.. si. Chapter 4: Results and discussion. This chapter includes the analysis of results. ve r. obtained, along with discussion on the green synthesis of CM-AuNPs, its protein interaction and photothermal studies. There are four highlights in this chapter, which are. ni. synthesis and optimization of CM-AuNPs, characterization of CM-AuNPs, interaction of. U. CM-AuNPs with HSA and photothermal effect of CM-AuNPs. Chapter 5: Conclusions and future perspectives. The research outcomes are summarized in this chapter and future perspectives have also been proposed.. 4. 

(27) CHAPTER 2: LITERATURE REVIEW 2.1. Cancer. Cancer is one of the leading causes of death globally, responsible for 8.8 million of death in 2015, according to World Health Organization (Forman & Ferlay, 2014). Cancer arises after a series of gene mutations occurring in the normal cells, which lead to abnormal cell growth and tumor formation. As normal cells become tumorigenic. a. (neoplastic state), they acquire several hallmark capabilities that enable tumor growth and. ay. metastatic dissemination. These hallmarks include sustained proliferative signaling, evading growth suppressors, resisting cell death, enable replicative immortality, inducing. al. angiogenesis, activating invasion and metastasis, reprogramming energy metabolism and. Tumor physiology and enhanced permeability and retention effect. of. 2.1.1. M. evading immune destruction (Hanahan & Weinberg, 2011).. Understanding of tumor physiology can be exploited for development of more. ty. effective therapeutics. As mentioned above, one of the hallmarks of cancer is the. si. uncontrolled proliferation of cancer cells due to their ability to sustain proliferative. ve r. signaling (Hanahan & Weinberg, 2011). Since the cells obtain nutrients through diffusion in the initial stages of tumor growth, tumor size cannot be greater than ~2 mm 3. In order. ni. to grow beyond the limited size and receive enough nutrients for the rapidly growing. U. cells, tumor cells stimulate the growth of new blood vessels through angiogenesis (Brannon-Peppas & Blanchette, 2004). Due to their rapid growth, the angiogenic blood vessels usually have abnormal architecture, which includes lack of smooth muscle layer, irregular vascular alignment and defective endothelial lining with wide fenestrations (Fang et al., 2011). The fenestrations in angiogenic blood vessels may vary from a few hundred nanometers to a few micrometers, depending on tumor type. These fenestrations are much larger than the pore size (2–6 nm), present in the normal blood vessels (Grossman & McNeil, 2012). Thus, macromolecules and blood components can easily 5. 

(28) pass through the wide fenestrations in angiogenic blood vessels to the tumor interstitium. This phenomenon is known as enhanced permeability effect (Maeda, 2001). In addition to it, higher levels of vascular effectors, such as bradykinin, vascular endothelial growth factor and nitric oxide in tumor sites also contribute to the vascular permeability of the tumor (Maeda et al., 2013). Lymphatic system plays an important role in the maintenance of interstitial fluid. a. volume and protein concentration as well as transportation of solutes and macromolecules. ay. from tissues back to the circulatory system (Weid & Zawieja, 2004). On the other hand,. al. such lymphatic drainage is impaired in the tumor tissue (Maeda, 2001). Thus, drainage. M. of fluids and wastes is markedly reduced in the tumor tissue. Due to this hindrance in the transportation of solutes and macromolecules from the tumor back to the circulatory. of. system, macromolecules or NPs with size greater than 4 nm are less likely to diffuse and thus, accumulate in the tumor interstitial spaces for a prolonged period. Therefore,. ty. retention of macromolecules in tumor is greatly enhanced (Youichiro et al., 1998). Both. si. enhanced permeability of vasculature and poor lymphatic drainage in tumor sites lead to. ve r. the phenomenon, known as enhanced permeability and retention (EPR) effect. The EPR effect was first introduced by Maeda for selective delivery of macromolecular drugs. ni. (Maeda, 2001). Figure 2.1 illustrates distribution of drug molecules and NPs in normal. U. tissues as well as tumor sites according to the concept of EPR effect. 2.1.2. Cancer treatment and limitations. Current therapeutic techniques for cancer treatment are chemotherapy, radiotherapy or in combination with surgical resection (Steichen et al., 2013). Chemotherapy involves the use of chemotherapeutic agents, usually low molecular weight drug molecules which inhibit replication or induce apoptosis of cancer cells. A few examples of the commonly used chemotherapeutic drugs are doxorubicin (DOX), epirubicin, paclitaxel, docetaxel,. 6. 

(29) Normal Tissue. of. M. al ay. a. Tumor Tissue. Time. U. ni. ve. rs i. ty. Time. = Nanoparticle. = Drug molecule. Figure 2.1: Diagram showing distribution of nanoparticles in normal and tumor tissues. 7. 

(30) gemcitabine (GEM), cisplatin etc. Doxorubicin and epirubicin, which belong to the ‘anthracyclines’ class of chemotherapeutic drugs, fall in the category of the most effective drugs, used for cancer treatment. Anthracyclines are known to inhibit DNA topoisomerase II, thus initiate DNA damage and induce apoptosis of cells (Minotti et al., 2004). Paclitaxel and docetaxel are taxanes, which inhibit cell proliferation by stabilizing microtubules from depolymerization, thus prevent mitosis at the metaphase/anaphase. a. boundary (Rowinsky, 1997). One of the most widely used pyrimidine analog,. ay. gemcitabine functions by inhibiting DNA polymerases and ribonucleotide reductase and blocks DNA synthesis (Minotti et al., 2004; Ciccolini et al., 2016). Similarly, cisplatin, a. al. platinum-compound is also a DNA-damaging agent that triggers apoptosis of cells. M. (Zamble & Lippard, 1995).. of. Despite significant advancement in cancer diagnosis and treatment over the past few decades, morbidity and mortality of cancers remain high. While successfully inhibiting. ty. the replication as well as killing of cancer cells, one of the major limitations of. si. chemotherapeutic drugs is non-specific damage to normal cells (Steichen et al., 2013).. ve r. Low tumor selectivity of chemotherapeutic drugs leads to non-specific distribution of these drugs in normal tissues and organs as well as tumor sites as shown in Figure 2.1. ni. (Maeda et al., 2013). This non-selective action of chemotherapeutic drugs exerts. U. deleterious effects on both cancer cells and cells with rapid turnover rate such as bone marrow cells and intestinal epithelial cells, thus results in severe side effects in cancer patients (Feng & Chien, 2003). For example, doxorubicin, one of the most widely used chemotherapeutic drugs, produces many side effects, such as fatigue, nausea and cardiotoxicity in cancer patients, which may lead to fatality (Minotti et al., 2004). As a result, these chemotherapeutic drugs provide insufficient therapeutic benefits and cause severe systemic toxicity, namely, dose-limited toxicity (Maeda et al., 2013). Therefore, the current approach for cancer treatment is to find therapeutic formulation with the 8. 

(31) ability to selectively target diseased tissue, overcome biological barriers and produce minimal damage to normal tissues and organs. 2.2. Nanotechnology. Nanotechnology has emerged as a potential therapeutic approach to overcome the aforementioned constraints in current cancer treatments, due to physical and biological. a. advantages of nanoparticles (NPs) over conventional drugs. Nanoparticles are structures. ay. of any shapes with dimension(s) ranging from 1 to 100 nm according to International Union of Pure and Applied Chemistry recommendations (Vert et al., 2012). This size. al. range is bigger than the size of free drugs. Thus, NPs can accumulate at tumor sites. M. through passive targeting due to EPR effect, which their entry is prevented into normal cells (Maeda, 2001). Such increase in drug accumulation at the diseased sites may allow. of. reduction of the effective dosage, therefore decreasing the toxicity and side effects of. ty. therapeutic drugs (Ventola, 2017). Other advantages of NPs are enhanced solubility and. si. increased stability of drugs along with decreased drug resistance (Bhatia, 2016).. ve r. Furthermore, use of NPs also led to the development of photothermal therapy as an alternative treatment for cancer (Zou et al., 2016).. ni. Generally, NPs can be categorized into organic and inorganic NPs. Organic NPs. U. include carbon-based NPs, protein NPs and polymeric NPs such as liposomes, dendrimers and micelles. Metal NPs and metal oxide NPs, e.g. AuNPs, silver NPs, copper NPs, iron oxide NPs and titanium dioxide NPs are some of the examples of inorganic NPs (Ealia & Saravanakumar, 2017). 2.2.1. Cancer nanomedicine. Nanomedicine is the medical applications of nanotechnology, which includes applications from biological imaging to drug and gene delivery (Pillai & Ceballos-. 9. 

(32) Coronel, 2013). Some of the nanodrugs (nanoparticle-formulated drugs) have already been approved by FDA for cancer treatment, while many of the nanodrugs are still under clinical trials. A few examples of both FDA-approved nanodrugs and those undergoing clinical trials are given in Table 2.1. Most of the approved nanodrugs utilize organic NPs due to their biocompatible nature. Doxil, Myocet and DaunoXome are liposomal anthracyclines, which were formulated to improve efficacy while reducing toxicity of free. a. anthracyclines (Pillai, 2014). Doxil (PEGylated liposomal doxorubicin) was approved for. ay. the treatment of ovarian cancer, breast carcinoma, AIDS-related Kaposi's sarcoma, and multiple myeloma, while Myocet and DaunoXome are being used as nanodrugs for. al. treatment of breast cancer and AIDS-related Kaposi’s sarcoma, respectively (Lao et al.,. M. 2013; Forssen & Ross, 1994). Sustained-release of cytarabine was made possible by. of. encapsulation of cytarabine in liposome (DepoCyt). This formulation has helped in maintaining therapeutic drug concentration for prolonged periods and reducing the. ty. frequency of drug administration for lymphomatous meningitis treatment (Glantz et al.,. si. 1999). Marqibo and Vyxeos are two examples of liposomal drugs, used for delivery of. ve r. vincristine and co-delivery of daunorubicin and cytarabine, respectively. Vincristine is encapsulated in sphingomyelin liposomes to prolong its half-life while decreasing its. ni. toxicity for Philadelphia chromosome negative acute lymphocytic leukemia (ALL) treatment (Silverman & Deitcher, 2013; Thomas et al., 2006). Co-delivery of. U. daunorubicin and cytarabine using liposome has improved the efficacy of treatment for acute myeloid leukemia (AML) and AML with myelodysplasia related changes (Lancet et al., 2014). Other organic NPs formulation, such as Abraxane, an albumin-bound paclitaxel nanosphere has been found advantageous for increasing solubility, bioavailability and accumulation of free drugs at tumor site in treating breast / pancreatic cancers as well as non-small cell lung carcinoma (Miele et al., 2009; Pillai, 2014). Another sustained-release 10. 

(33) Table 2.1: FDA-approved nanodrugs and those undergoing clinical trials for cancer treatment. Adapted from (Pillai, 2014; Ventola, 2017; Anselmo & Mitragotri, 2015). Trade Name. Cancer Type. PEGylated doxorubicin HCl nano-liposome. Doxil. - Ovarian / Breast cancer - Kaposi’s sarcoma - Multiple myeloma. Liposomal doxorubicin. Myocet. - Breast cancer. Liposomal daunorubicin. DaunoXome. - AIDS-related Kaposi’s sarcoma. Liposomal cytarabine. DepoCyt. - Lymphomatous meningitis. Liposomal vincristine. Marqibo. Liposomal daunorubicin and cytarabine. Vyxeos. Albumin-bound paclitaxel nanospheres. Abraxane. al. ay. a. Chemical Nature. si. ty. of. M. - Philadelphia chromosomenegative ALL - Acute myeloid leukemia (AML) - AML with myelodysplasia related changes - Breast cancer - Non-small cell lung carcinoma - Pancreatic cancer. Eligard. - Prostate cancer. PEG-conjugated L-asparaginase. Oncaspar. - Acute lymphocytic leukemia (ALL). Denileukin diftitox. Ontak. - Cutaneous T-cell lymphoma. TNF-α bound-colloidal gold nanoparticles. Aurimmune (CYT-6091) (In clinical Phase II ). - Head and neck cancer. Silica-gold nanoshells coated with PEG. AuroShell (In clinical Phase I). - Head and neck cancer - Primary and/or metastatic lung tumors. U. ni. ve r. Leuprolide acetate and polymer. 11. 

(34) formulation was successfully designed for the delivery of leuprolide acetate using biodegradable polymer matrix (Eligard) in treating prostate cancer (Tunn, 2011). On the other hand, conjugation of polyethylene glycol (PEG) to L-asparaginase (Oncaspar) was found to increase the half-life of the enzyme and reduce the allergic response in ALL treatment (Avramis & Tiwari, 2006). Ontak is a fusion protein that combines the targeting protein with diphtheria toxin for specific targeting of T-cells in cutaneous T-cell. a. lymphoma treatment (Ventola, 2017). Apart from the organic NPs-formulated drugs, one. ay. of the examples of inorganic NPs-derived nanodrug that is undergoing clinical trials, is Aurimmune, a TNF-α bound colloidal AuNPs, used in treatment of head and neck cancer.. al. Aurimmune has been shown to reduce toxicity of TNF-α and avoid its immediate. M. clearance from the circulatory system (Libutti et al., 2010).. of. Although nanoformulations offered improved efficacy and reduced toxicity of the drugs, side effects from such treatments (nanoparticle-formulated drugs) still exist.. ty. Although nanodrugs have shown higher accumulation in target sites, their delivery to. si. other organs, e.g. liver, spleen, kidney and skin cannot be avoided. This has resulted in. ve r. toxicity to these organs due to the release of toxic chemotherapeutic drugs in these sites (Park, 2013). Thus, alternative therapies with more localized treatment, such as. ni. photothermal and photodynamic therapies using inorganic / organic NPs have been. U. developed. An example of inorganic nanoparticles undergoing clinical trial is AuroShell, a silica-gold nanoshells coated with PEG. Photothermal therapy using AuroShell is a localized tumor treatment, which selectively treats the tumor while reducing the damage to the healthy tissue (Anselmo & Mitragotri, 2015). 2.2.2. Gold nanoparticles. Among the various NPs, gold nanoparticles (AuNPs) have emerged as an attractive candidate for biomedical applications (Daniel & Astruc, 2004). This is due to the inert. 12. 

(35) gold core, ease of synthesis and functionalization to obtain biocompatible AuNPs suitable for various biomedical applications. 2.2.2.1 AuNPs synthesis. Conventional methods Methods for the synthesis of AuNPs can be categorized into top-down and bottom-up approaches. Top-down approach is normally used to synthesize AuNPs for their. a. applications in the fields of electronics, sensors and catalysis, while AuNPs used for. ay. biomedical applications are usually synthesized by bottom-up approach.. al. Bottom-up approach synthesizes nanoparticles from individual ions / molecules,. M. which involves chemical or biological reactions. Various molecular components self-. of. assemble to build up into more complex assemblies (Nath & Banerjee, 2013). Chemical reaction occurs in two steps: nucleation and successive growth. A few conventional. ty. methods that have been used for AuNPs synthesis are in situ synthesis, seeded growth. si. synthesis, polymer-mediated synthesis and inert gas condensation (Figure 2.2).. ve r. AuNPs synthesis involving nucleation and growth in the same step is known as in situ synthesis, which is generally used in preparation of spherical or quasi-spherical AuNPs.. ni. A commonly used method of in situ synthesis of AuNPs is Turkevich method, which uses. U. trisodium citrate as a reducing and stabilizing agent. This method requires heating of auric salt (normally HAuCl4) and addition of trisodium citrate with vigorous stirring (Turkevich et al., 1951). In this reaction, the precursor auric ions (Au3+) are reduced to aurous ions (Au+) and Au0, which then coalesce to from AuNPs. AuNPs produced following this procedure can be tailored for a size of 15–150 nm (Frens, 1973). However, AuNPs bigger than 20 nm size are always polydisperse AuNPs. To prepare AuNPs with smaller size (< 10 nm), a stronger reducing agent is needed. Brown and co-workers. 13. 

(36) a al ay M of ty rs i ve ni. U. Figure 2.2: Scheme showing bottom-up and top-down syntheses of gold nanoparticles.. 14. 

(37) introduced the use of sodium borohydride (NaBH4) as a reducing agent and citrate as a stabilizing agent to prepare AuNPs of 6 nm size (Brown et al., 1996). Seeded growth synthesis requires two separate steps for nucleation and growth (Zhao et al., 2013). This method has been adopted to produce larger monodispersed AuNPs with spherical, quasi-spherical, rod and anisotropic shapes. Small-sized AuNPs seeds are prepared by using strong reducing agent such as NaBH4 in the first step of seeded growth. a. method. The seeds are then added to the ‘growth’ solution, containing auric salt and mild. ay. reducing and stabilizing agents. The mild reducing agents such as citrate, hydroxylamine,. al. ascorbic acid can only reduce Au3+ ions to Au0 in the presence of gold seeds, where the. M. newly reduced Au0 can only assemble on the surface of gold seeds. Nucleation does not occur in the growth solution (Zhao et al., 2013). A commonly used stabilizer is. of. hexadecyltrimethylammonium bromide (CTAB) for the synthesis of gold nanorods with. ty. different aspect ratio, which can be produced by adjusting the concentration of CTAB.. si. Polymer-mediated synthesis can be carried out in one step or two steps, where the. ve r. HAuCl4 solution is added to the functionalized polymers, followed by the addition of reducing agent (NaBH4) to form AuNPs (Zhao et al., 2013). Some commonly used. ni. polymers are PEG, polystyrene, polyvinyl pyridine, polyethylenimine, poly(Nisopropylacrylamide) and poly(N,N-dimethylaminoethyl methacrylate) (Mendes et al.,. U. 2017; Corbierre et al., 2004; Zhou et al., 2015; Hu et al., 2010; Kusolkamabot et al., 2013; Alinejad et al., 2018). In some cases, co-polymers such as poly(styrene-β-Nisopropylacrylamide) and poly(ethylene oxide)-poly(propylene oxide) were also exploited as both the reducing and stabilizing agents for AuNPs synthesis (Alexandridis & Tsianou, 2011; Liu et al., 2010). AuNPs synthesized by inert gas condensation method involves evaporation of the metal in ultra-high vacuum chamber filled with inert gas (helium or argon), followed by 15. 

(38) condensation into small particles on liquid nitrogen-cooled substrate. The growth of these particles by Brownian coagulation and coalescence leads to the formation of nanocrystals (Nath & Banerjee, 2013). Inert gas condensation technique requires high energy consumption and thus increases the production cost. Use of the hazardous chemicals as well as high energy consumption in the abovementioned bottom-up techniques of AuNPs synthesis, limits their in vivo applications.. a. Therefore, green synthesis was proposed as an alternative method for the synthesis of. ay. AuNPs, which is more economical, simple and non-toxic for in vivo use (Prabhu &. al. Poulose, 2012).. M. Green synthesis. of. Biological resources, such as bacteria, fungi, algae, actinomycetes and plant extracts have been exploited in the green synthesis of AuNPs, as shown in Figure 2.3 (Baker &. ty. Satish, 2015; Castro-Longoria et al., 2011; González-Ballesteros et al., 2017; Ranjitha &. si. Rai, 2017; Ahmad et al., 2018). Both extracellular and intracellular methods have been. ve r. employed in the green synthesis of AuNPs. Extracellular synthesis of spherical AuNPs of 5–30 nm size has been shown using cell-free supernatant of Pseudomonas aeruginosa,. ni. Pseudomonas veronii and Klebsiella pneumoniae (Husseiny et al., 2007; Baker & Satish, 2015; Malarkodi et al., 2013). However, Klebsiella pneumoniae has led to significant. U. aggregation of AuNPs, indicating lack of stability of these AuNPs (Malarkodi et al., 2013). Purified sulfite reductase enzyme from Escherichia coli has also been used as reducing agent for AuNPs synthesis (Gholami-Shabani et al., 2015). Intracellular synthesis of 5–50 nm-long hexagonal AuNPs has also been reported using Geobacillus stearothermophilus (Luo et al., 2015). Examples for the use of fungi in the intracellular synthesis of AuNPs include Flammulina velutipes and Neurospora crassa, while Fusarium oxysporum and 16. 

(39) a al ay M of ty rs i ve ni U Figure 2.3: Examples of various organisms used in the green synthesis of gold nanoparticles. 17. 

(40) Penicillium chrysogenum for extracellular synthesis of AuNPs in the size range of 3–100 nm (Narayanan et al., 2015; Castro-Longoria et al., 2011; Thakker et al., 2013; Magdi & Bhushan, 2015). Water extract of Pleurotus florida has also been used for the synthesis of uneven-shaped (10–50 nm) AuNPs (Bhat et al., 2013). AuNPs of 6–67 nm size have been synthesized using algal extract from Padina gymnospora, Cystoseira baccata, and Turbinaria conoides (Singh et al., 2013; González-. a. Ballesteros et al., 2017; Rajeshkumar et al., 2013). Use of Sargassum wightii and. ay. Stoechospermum marginatum in the AuNPs synthesis has also been reported (Singaravelu. Streptomyces. fulvissimus,. Streptomyces. griseoruber. and. M. hygroscopicus,. al. et al., 2007; Rajathi et al., 2012). Actinomycetes such as Gordonia amarae, Streptomyces. Thermomonospora curvata have been demonstrated to synthesize 15–60 nm AuNPs. of. (Menon et al., 2017; Sadhasivam et al., 2012; Ranjitha & Rai, 2017).. ty. Extracts from various plants, e.g. Elaeis guineensis, Artemisia capillaris, Zingiber. si. officinale, Morinda citrifolia and Citrus limon have also been successfully used as. ve r. reducing and stabilizing agents for synthesis of AuNPs in the size range of 5–80 nm (Ahmad et al., 2018; Lim et al., 2016; Kumar et al., 2011; Suman et al., 2014; Sujitha &. ni. Kannan, 2013). Phytochemicals such as phenolic compounds, flavonoids, citric acid and ascorbic acid, present in these extracts were found to be responsible to reduce precursor. U. Au3+ ions in the synthesis of AuNPs (Ahmad et al., 2018; Sujitha & Kannan, 2013). Curcuma mangga (Figure 2.4A) locally known as “temu pauh” or “kunyit mangga”, belongs to the Zingeberaceae family and possesses antioxidant activity besides antitumor, antimicrobial and anti-allergic properties (Jitoe et al., 1992; Kirana et al., 2003; Kamazeri et al., 2012; Tewtrakul & Subhadhirasakul, 2007). Major compounds present in CM extract are terpenoids such as labda-8(17),12-diene-15,16-dial, calcatarin, zerumin A, 15,16-bisnor-labda-8(17),11-diene-13-on,. longpene A. and. coronadiene 18. 

(41) A. U. ni. ve r. si. ty. of. M. al. ay. a. B. Figure 2.4: (A) Photograph of Curcuma mangga rhizome. (B) Chemical structures of some of the known terpenoids, present in Curcuma mangga. Adapted from (Malek et al., 2011; Liu & Nair, 2011). 19. 

(42) (Liu & Nair, 2011; Malek et al., 2011). As depicted in Figure 2.4B, labda-8(17),12-diene15,16-dial and calcatarin contain aldehyde group, while zerumin A contain both aldehyde and carboxyl group. A keto-group is noticed in the structure of 15,16-bisnor-labda8(17),11-diene-13-on, while both longpene A and coronadiene possess a carboxyl group. 2.2.2.2 Properties of AuNPs. AuNPs exhibit unique physicochemical properties such as surface plasmon resonance. a. (SPR), high X-ray absorption coefficient, tunable electronic and optical properties as well. ay. as ability to react with amine and thiol groups for surface modification (Daniel & Astruc,. al. 2004; Elahi et al., 2018). AuNPs can be categorized into 4 classes, i.e., 0D, 1D, 2D and. M. 3D nanostructures, based on the number of dimensions which are not confined to the nanoscale range. AuNPs with 0D include nanospheres and nanocubes, while nanorods,. of. nanowires and nanotubes belong to 1D. On the other hand, nanoplates, nanosheets, and nanowalls are known to be 2D AuNPs, while 3D AuNPs include nanocoils and. ty. multinanolayers (Sajanlal et al., 2011; Elahi et al., 2018). Several properties of AuNPs. si. such as size, surface charge and surface coating as well as their administration routes may. ve r. affect their acute and chronic toxicity (Jia et al., 2017). For example, positively-charged AuNPs (CTAB-AuNPs and polyallylamine hydrochloride-AuNPs) have been shown to. ni. cause acute toxicity to Daphnia magna, whereas negatively-charged AuNPs (citrate-. U. AuNPs and mercaptopropionic acid-AuNPs) did not affect the mortality of Daphnia magna (Bozich et al., 2014). Acute toxicity and subchronic toxicity studies of AuNPs using mice with different administration routes have shown least toxic effect with tail vein injection route compared to oral and intraperitoneal routes (Zhang et al., 2010). Optical properties The unique optical property of AuNPs is attributed to SPR, which is reflected as intense colour that does not exist in nonmetallic particles. SPR is due to the collective. 20. 

(43) coherent oscillations of free electrons on the particle surface’s induced by oscillating electromagnetic field of light (Daniel & Astruc, 2004; Kerker, 1969). This electron oscillation results in charge separation corresponding to the ionic lattice and form a dipole oscillation along the direction of the electric field of the light. The amplitude of the oscillation reaches maximum at a specific frequency, which is the SPR phenomenon. The SPR is responsible for the strong absorption of incident light that can be detected by. a. UV-Vis spectrometer. Noble metal NPs, such as AuNPs exhibit much stronger SPR than. ay. other metallic NPs (Huang & El-Sayed, 2010). Factors affecting electron charge density on NP surface, such as particle size, shape, metal type, composition and the dielectric. al. constant of the surrounding medium can influence the wavelength and intensity of SPR. M. band (Huang & El-Sayed, 2010; Abdelhalim et al., 2012).. of. In addition to light absorption, AuNPs also possess the ability to scatter light, where the magnitude of scattering efficiency is directly correlated with the particle size (Jain et. ty. al., 2006). The magnitude of the visible light scattering by 80 nm gold nanospheres has. si. been found comparable to the scattering from the much larger (300 nm) polystyrene. ve r. nanospheres, which are generally used in confocal cell imaging. This scattering magnitude has also been found to be five orders of magnitude higher than the light. ni. emission from fluorescein molecules, a common fluorescent imaging agent (Jain et al.,. U. 2006). The scattering efficiency can be affected by the shape, composition and surrounding medium. The optical properties of AuNPs are tunable by synthetic control of the particle size, shape, structure and composition. AuNPs with core diameter of < 2 nm, as well as bulk gold do not show SPR band in the UV-Vis spectra. The wavelength of SPR absorption peak is found to increase with increasing size of AuNPs in aqueous medium (Daniel & Astruc, 2004). Upon changing the shape of AuNPs from spheres to rods, the SPR band is. 21. 

(44) split into two bands, namely, ‘transverse band’ and ‘longitudinal band’. The ‘transverse band’ is the band that appeared in the visible region at a wavelength similar to that of gold nanospheres, while ‘longitudinal band’ appears in the near-infrared (NIR) region, corresponding to electron oscillations along the long axis. Increasing the aspect ratio (length/width) of the gold nanorods may lead to a large red shift of the ‘longitudinal band’ (Huang & El-Sayed, 2010). Structural variation may also contribute to the change in. a. optical property, as this phenomenon can be seen in gold nanoshells and nanocages.. ay. Decreasing the thickness of gold nanoshell may lead to a large red shift in SPR band due to the strong coupling between the inner and outer shell plasmons for thinner shell. al. particles (Prodan et al., 2003). The SPR of gold nanocages can be tuned to a specific. M. wavelength by controlling the amount of auric acid used in the synthesis (Chen et al.,. of. 2005). This tunable optical property of AuNPs has been successfully exploited to synthesize suitable AuNPs for various applications.. ty. Non-radiative properties. si. Apart from the tunable radiative properties, AuNPs are also capable of converting the. ve r. absorbed light into heat through a series of nonradiative processes (Huang & El-Sayed, 2010). The energy transformation process is initiated by fast phase loss of the coherently. ni. excited electrons via electron-electron collisions, thus forming hot electrons with high. U. temperature. The hot electrons are then thermally equilibrated with the nanoparticle lattice by passing the energy through electron-phonon interactions, leading to a hot lattice with increase in temperature on the order of few tens of degrees (Ahmadi et al., 1996; Link et al., 2000). Two subsequent processes may occur following lattice temperature rise, depending on the energy content. The first process involves the cooling of lattice by heat transfer to the surrounding medium via lattice-environment or phonon-phonon interactions, resulting temperature rise in the surrounding medium. Second possible process is the structural changes of NPs, i.e. NPs melting or fragmentation as a result of 22. 

(45) massive heat accumulation within the lattice. The heat accumulation usually occurs when the heating rate is much faster than the cooling rate, as both of these processes are competitive against each other. Melting of gold nanorods into nanospheres of comparable volumes has been reported upon irradiation using a femtosecond (fs) laser of 40 µJ energy, while fragmentation of gold nanorods to smaller nanospheres is observed upon irradiation using nanosecond laser with higher energy (Link et al., 1999). The possible. a. mechanism suggested for the melting of gold nanorods involves heating of electrons at. ay. initial absorption on the femtoseconds time scale, followed by electron-phonon relaxation processes in the 1–3 picoseconds (ps) time scale. Since the irradiation time (100 fs) is. al. shorter than the electron-phonon relaxation time (1–3 ps), kinetic energy of the gold. M. atoms is increased, which leads to the melting of gold nanorods (Link et al., 1999). In. of. order to use AuNPs for photothermal therapy, the first process has to be dominated to allow heat dissipation to the surrounding medium for killing of the cancer cells.. ty. 2.2.2.3 Applications of AuNPs. si. The unique properties of AuNPs, i.e. light scattering, conversion of absorbed light into. ve r. heat and ease of functionalization, have been exploited for various biological applications, such as disease detection, imaging, photothermal therapy and drug delivery. ni. (Her et al., 2017), as illustrated in Figure 2.5. The physicochemical characteristics of. U. AuNPs can be tailored for different applications. For example, larger AuNPs are preferred for imaging due to higher scattering efficiency, whereas smaller AuNPs are more preferred for photothermal therapy as the absorbed light energy undergoes a thermal dissipation process to produce localized heat (Jain et al., 2006). Some of these applications are described below.. 23. 

(46) a al ay M of ty rs i ve ni U. Figure 2.5: Diagram showing various biomedical applications of AuNPs. Adapted with permission from (Her et al., 2017).. 24. 

(47) Cancer imaging In vivo imaging plays an important role in early diagnosis and therapy of cancer. Gold nanoparticles have been shown to be an ideal candidate as contrast agent for cellular and biological imaging, owing to their high scattering efficiency and high X-ray attenuation power. In addition, AuNPs can be specifically engineered to carry payloads or prolong circulation time. Earlier reports have demonstrated the use of AuNPs as contrast agent for. a. cellular and tissue imaging using confocal scanning optical microscopy, multiphonon. ay. plasmon resonance microscopy and dark field microscopy (Sokolov et al., 2003; Yelin et al., 2003; El-Sayed et al., 2005). Furthermore, use of AuNPs for cellular imaging has. al. overcome the common problems encountered in the use of fluorescent dyes, as AuNPs. of. low concentrations (El-Sayed et al., 2005).. M. are brighter, non-susceptible to photobleaching or denaturation and are easily detected at. Table 2.2 summarizes in vivo applications of AuNPs for cancer imaging based on. ty. different techniques. Gold nanospheres have been demonstrated for the use as contrast. si. agent for in vivo computed tomography (CT) of various types of cancers, due to their high. ve r. X-ray attenuation power. CT is one of the most extensively used radiography imaging techniques that produces cross-sectional images for 3D image construction. ni. (Padmanabhan et al., 2016). Both high spatial and temporal resolution images can be. U. produced with CT at relatively lower cost. However, currently used, iodinated contrast agents in CT have limitations of short circulation half-life, non-specificity and renal toxicity (Cheheltani et al., 2016). On the other hand, use of AuNPs as CT contrast agent has shown to overcome the drawbacks of iodinated contrast agents (Zhou et al., 2016). Gold nanospheres labeled with radioactive isotopes (e.g. 125I and 199Au) have been shown as an effective probe emitting gamma rays for single-photon-emission computed tomography (SPECT) / CT in imaging glioblastoma (Kim et al., 2011; Zhao et al., 2016). Radiolabeled (64Cu) gold nanoshells, nanocages and hollow nanospheres have been 25. 

(48) Reference. Glioblastoma (U87MG cells). SPECT / CT. Kim et al. (2011). Lung cancer (SPC- A1 cells). CT. Peng et al. (2012). Epidermal carcinoma (FA receptor-overexpressing KB cells). CT, MRI. M. Imaging Technique. of. Gold nanospheres. Cancer Type. Epidermal carcinoma (KB cells). CT. Zhou et al. (2016). CT, Fluorescence imaging. Zhang et al. (2015). CT. Meir et al. (2015). SPECT / CT. Zhao et al. (2016). Ovarian cancer (OV2008, HEY, SKOV3 cells). PAI, SERS imaging. Jokerst et al. (2012). Liver cancer (Huh-7 cells). PAI, NIR fluorescence imaging. Guan et al. (2017). Squamous cell carcinoma (SCC-4 cells). PET / CT. Xie et al. (2010). Epithelial carcinoma (A431 cells). PET. Karmani et al. (2013). Colorectal cancer (SW620 cells). MRI, CT. He et al. (2014). Melanoma (SKMEL23 cells). U. Gold nanoshells. ve. rs i. Breast cancer (4T1 cells). ty. Colon carcinoma (CT26 cells). Gold nanorods. Chen et al. (2013). ni. Type of AuNPs. al ay. a. Table 2.2: In vivo applications of gold nanoparticles for cancer imaging.. 26. 

(49) Reference. Breast cancer (MCF-7 cells). CT, MRI, NIR fluorescence imaging. Hu et al. (2013). Cervix adenocarcinoma (HeLa cells). NIR fluorescence imaging. Zhang et al. (2014). Prostate cancer (PC3 cells). PET. Zhao et al. (2014). Glioblastoma (U87MG cells). PET, NIR fluorescence imaging. Hu et al. (2014). MRI, SERS imaging. Gao et al. (2017). Ovarian cancer (SKOV3 cells). SERS imaging. D’Hollander et al. (2016). Lung adenocarcinoma (A549 cells). CT, MRI, NIR fluorescence imaging. Hou et al. (2017). Breast cancer (EMT-6 cells). PET / CT. Wang et al. (2012). PET / CT. Tian et al. (2013). rs i. ve. Gold nanocages. ty. Glioblastoma (U87MG cells) Gold nanostars. al ay. Imaging Technique. M. Gold nanoclusters. Cancer Type. of. Type of AuNPs. a. Table 2.2, continued.. Gold nanoprisms. Colorectal cancer (HT-29 cells). PAI. Bao et al. (2013). Gold nanotripods. U. ni. Hollow gold nanospheres Hepatocellular carcinoma (VX2 cells). PAI. Cheng et al. (2014). Glioblastoma (U87MG cells). 27. 

(50) successfully used for positron emission tomography (PET) / CT, which allows tracking of AuNPs in vivo distribution (Xie et al., 2010; Wang et al., 2012; Tian et al., 2013). Although CT is useful for tumor staging, it however offers poor soft tissue contrast and sensitivity. Thus, combination of different imaging techniques has been employed to get a more comprehensive diagnostic information. Chen and co-workers have successfully synthesized gadolinium (Gd3+)-chelated gold nanospheres for dual-modal. a. CT and magnetic resonance imaging (MRI), targeting folic acid (FA) receptor-. ay. overexpressing KB cells (Chen et al., 2013). The advantage of excellent soft-tissue. al. contrast offered by MRI can complement CT results (Chen et al., 2013). Furthermore,. M. tagging of aggregation-induced emission red dye to PEGylated phospholipid-entrapped AuNPs allows their use as dual-modal fluorescence and CT probes for high spatial. of. resolution and high sensitivity imaging of colon carcinoma (Zhang et al., 2015). Triple modal imaging, involving CT, MRI and fluorescence imaging has also been shown by. si. ty. using gold nanoclusters chelated with Gd3+ (Hu et al., 2013; Hou et al., 2017).. ve r. Photoacoustic imaging (PAI) produces a tomographic image in vivo with very high spatial resolution and deep penetration. Gold nanorods have been synthesized and used. ni. for cancer imaging as dual-modal contrast agents for PAI along with surface-enhanced Raman scattering (SERS) imaging or NIR fluorescence imaging (Jokerst et al., 2012;. U. Guan et al., 2017). Gold nanoprisms and gold nanotripods have also been used as contrast agents for PAI in imaging colorectal cancer and glioblastoma (Bao et al., 2013; Cheng et al., 2014). Due to enhancing capacity of Raman signals, gold nanostars have been developed as SERS contrast agent in imaging of ovarian cancer (D’Hollander et al., 2016).. 28. 

(51) Photothermal treatment of cancers Photothermal treatment (PTT) utilizes the non-radiative properties of AuNPs to convert absorbed light into heat for photothermal ablation of cancer (Huang & El-Sayed, 2010). Irradiation of AuNPs with light of suitable wavelength increases localized temperature, thus leading to photothermal destruction of cancer cells in the vicinity. PTT can selectively target tumor and cause minimal damage to adjacent normal tissues. a. (Mieszawska et al., 2013).. ay. Photothermal ablation of cancer can be attained using gold nanospheres upon. al. irradiation with pulsed or continuous wave lasers in the visible range. Such treatment is. M. applicable for shallow tumors, e.g., skin and breast cancers. Successful results have been obtained with both in vitro and in vivo studies. El-Sayed and his group have synthesized. of. anti-epithelial growth factor receptor antibody-conjugated gold nanospheres for selective killing of squamous carcinoma upon laser (514 nm) irradiation (El-Sayed et al., 2006).. ty. Gold nanospheres conjugated with anti-Mucin 7 have been shown to kill urothelial cancer. si. cells upon laser (532 nm) irradiation (Chen et al., 2015). Use of gold nanospheres in. ve r. combination with DOX in PTT has shown improved treatment efficacy for breast cancer (Mendes et al., 2017). Recently, aptamer-conjugated gold nanospheres have been used. ni. for selective in vivo photothermal destruction of Ehrlich carcinoma, upon irradiation with. U. 532 nm laser (Kolovskaya et al., 2017). Several earlier reports have also demonstrated in vivo PTT of various cancers using. AuNPs of different shapes, i.e., nanorods, nanocages, nanoshells, hollow nanospheres and nanoclusters (Table 2.3). These AuNPs possess SPR absorption in NIR region, which allows PTT using NIR laser. NIR light has deeper penetration due to minimal absorption of the hemoglobin and water in tissues in this spectral region, thus making it suitable for PTT of deep-seated tumor within the tissue (Huang & El-Sayed, 2010). Some of the. 29. 

(52) Melanoma (MDA- MB-435 cells). Laser: 810 nm, 2 W/cm2, 5 min. Maltzahn et al. (2009). Lung adenocarcinoma (A549 cells). Laser: 980 nm, 0.84 W/cm2, 5 min. Shi et al. (2014). Lung adenocarcinoma (A549 cells). Laser: 808 nm, 0.5 W/cm2, 10 min. Luo et al. (2016). Non-small cell lung cancer (PC-9 cells). Laser: 808 nm, 3.6 W/cm2, 8 min. Wang et al. (2016). Laser: 808 nm, 1.5 W/cm2, 3 min. Liu et al. (2016). Gastric cancer (MGC803 cells). rs i. Colon carcinoma (26 cells). M. Treatment. of. Gold nanorods. Cancer Type. ty. Type of AuNPs. ve. Breast cancer (4T1 cells). ni. Breast cancer (4T1 cells). Breast cancer (MDA-MB-231 cells). U. Gold nanocages. al ay. a. Table 2.3: In vivo applications of gold nanoparticles in photothermal treatment of various cancers. Reference. Laser: 808 nm, 0.24 W/cm2, 10 min Drug: DOX. Li et al. (2014). Laser: 760 nm, 16 W/cm2, 20 min Drug: DOX. Zhang et al. (2014). Laser: 850 nm, 1 W/cm2, 10 min. Piao et al. (2014). Laser: 808 nm, 1 W/cm2, 5 min Drug: DOX. Wang et al. (2014). 30. 

(53) al ay. Treatment. Breast cancer (MDA-MB-231 cells). Laser: 810 nm, 2 W/cm2, 5 min. Ayala-Orozco et al. (2014). Breast cancer (4T1 cells). Laser: 808 nm, 1 W/cm2, 5 min. Xuan et al. (2016). Breast cancer (4T1 cells). Laser: 808 nm, 1 W/cm2, 10 min Drug: 10-Hydroxycamptothecin. Li et al. (2014). Laser: 808 nm, 1.5 W/cm2, 2 min Drug: DOX. Wang et al. (2016). M. Gold nanoshells. Cancer Type. of. Type of AuNPs. a. Table 2.3, continued.. ty. Hepatoma (BEL-7402 cells). Wang et al. (2015). Ovarian carcinoma (SKOV3 cells). Laser: 808 nm, 0.5 W/cm2, 2 min (3×) Drug: DOX. Zhou et al. (2015). Laser: 660 nm, 0.5 W/cm2, 1 min. Kang et al. (2015). rs i. Laser: 808 nm, 1.5 W/cm2, 3 min. Fibrosarcoma (HT-1080 cells). U. ni. Gold nanoclusters. Ovarian carcinoma (SKOV3 cells). ve. Hollow gold nanospheres. Reference. 31. 

(54) AuNPs have also been conjugated with targeting moieties, e.g. aptamer, CXCR4 antibody, peptide and hyaluronic acid for active targeting of cancer cells (Shi et al., 2014; Liu et al., 2016; Wang et al., 2015; Wang et al., 2014). Furthermore, these AuNPs can be loaded with chemotherapeutic drugs such as DOX, for simultaneous PTT and chemotherapy (Zhang et al., 2014; Wang et al., 2014). Photothermal therapy can triger cell death through two mechanisms, i.e. apoptosis and. a. necrosis, as illustrated in Figure 2.6 A. Cells undergoing apoptosis maintain their. ay. membrane integrity and express engulfment signals, leading to their prompt clearance by. al. phagocytes without incurring inflammation (Park & Kim, 2017). Earlier studies. M. have reported that PTT-induced cell death is mediated by apoptosis mechanism (PérezHernández et al., 2015; Ali et al., 2017). Apoptosis can occur through two major. of. pathways, i.e. ‘intrinsic’ and ‘extrinsic’ pathways. ‘Intrinsic’ pathway is more likely to be the major mode of PTT-mediated apoptosis. A proposed intrinsic pathway. ty. (mitochondrial apoptosis pathway) for PTT-induced apoptosis is depicted in. si. Figure 2.6 B. Proapoptotic members of Bcl-2 family (Bax/Bak) are activated upon cell. ve r. stress, which trigger mitochondrial membrane permeabilization and release of cytochrome c. Once cytochrome c is released into cytoplasm, it interacts with Apaf-1,. ni. deoxyadenosine triphosphate (dATP) and procaspase 9 to form the apoptosome, which. U. activates executioner caspases-3, -6 and -7 to initiate apoptotic cell death (Melamed et al., 2015; Pérez-Hernández et al., 2015). Secondary necrosis may occur if the apoptotic cells were not cleared by phagocytes, leading to loss of membrane integrity and release of damage-associated molecular patterns (DAMPs). On the contrary, primary necrotic cells loss their membrane integrity and release DAMPs, resulting in inflammatory response (Melamed et al., 2015). Contrary to earlier reports suggesting involvement of apoptotic mechanism in PTT-induced cell. 32. 
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