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Abstract

:

The cancer mortality rate has increased, and conventional cancer treatments are known for having many side effects. Therefore, it is imperative to find a new therapeutic agent or modify the existing therapeutic agents for better performance and efficiency. Herein, a synergetic phototherapeutic agent based on a combination of photothermal and photodynamic therapy is proposed. The phototherapeutic agent consists of water-soluble cationic porphyrin (5,10,15,20-tetrakis(N-methylpyridinium-3-yl)porphyrin, TMePyP), and gold nanorods (AuNRs) anchored on graphene-oxide (GO) sheet. The TMePyP was initially synthesized by Adler method, followed by methylation, while GO and AuNRs were synthesized using Hummer’s and seed-mediated methods, respectively. The structural and optical properties of TMePyP were confirmed using UV-Vis, zeta analyzer, PL, FTIR and NMR. The formation of both GO and AuNRs was confirmed by UV-Vis-NIR, FTIR, TEM and zeta analyzer. TMePyP and AuNRs were anchored on GO to form GO@AuNRs-TMePyP nanocomposite. The as-synthesized nanocomposite was stable in RPMI and PBS medium, and, on irradiation, produced high heat than the bare AuNRs, with high photothermal efficiency. In addition, the nanocomposite produced higher singlet oxygen than TMePyP with high biocompatibility in the absence of light. These results indicated that the as-synthesized nanocomposite is a promising dual photodynamic and photothermal agent for cancer therapy.
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1. Introduction


Cancer synergistic therapy is gaining the spotlight as statistics of cancer incidents are anticipated to increase by 38.6% by 2040, according to the World Health Organization [1]. Synergistic cancer therapy has an advantage as it is the combination of multiple therapies to avoid cancer reoccurrence [2]. However, some of these synergistic therapies, such as combined chemotherapy/immunotherapy, can cause side effects, leading to patients scarring and drug resistance. Phototherapeutic treatments such as photothermal and photodynamic have been shown to be non-invasive, highly comprehensive, and precise with low side effects [3,4,5]. In phototherapy, high penetration into biological tissues is a requirement. Nanomaterials must absorb in the near-infrared (NIR) region, with wavelengths ranging from 650–1350 nm [3,6], and gold nanorods (AuNRs) are of excellent choice.



AuNRs can be easily tuned to absorb in different NIR ranges (650–1100 nm) [7]; however, most AuNRs are prone to induce toxicity when used in biological applications. Researchers have used different coating materials, such as polymers [8,9,10,11,12,13,14,15,16], biomolecules [17,18,19] and graphene-based materials [15,20,21,22,23], to reduce the toxicity of AuNRs. Among them, graphene-based AuNRs are more effective as they reduce toxicity and simultaneously increase their photothermal efficiency [15,20,21,22,23]. AuNRs have also been investigated for photo synergistic therapy using different photosensitisers such as chlorin e6 [5,24,25], phthalocyanine [26], rose Bengal [27], indocyanine green [28], 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin tosylate salt [29], pheophorbide a [30] and sulfonated aluminium phthalocyanines [31]. The combination of AuNRs and photosensitizers could yield a synergistic photothermal and photodynamic system.



Since the clinical approval of hematoporphyrin derivative (HpD) as a photosensitizer for photodynamic therapy, porphyrin derivatives have been synthesized and investigated for photodynamic therapy application. Among this porphyrin, 5,10,15,20-tetrakis (3-methyl pyridyl) porphyrin (TMePyP) has been reported to be an efficient photosensitizer due to its strong ability to produce reactive oxygen species, which could bind to the DNA G-quadruplex in the cancer cell and temper the cell’s cycle, leading to apoptosis or senescence [32,33]. Nevertheless, for TMePyP to produce effective reactive oxygen species, it requires high oxygen concentration, which restricts its therapeutic effect [32]. In addressing this issue, we reported the conjugation of modified GO coated AuNRs to this photosensitizer to produce a photo synergistic therapeutic agent. As far as the authors know, such a synergistic therapeutic agent has not yet been reported. In this study, TMePyP anchored on GO-coated AuNRs nanocomposite was fabricated to achieve synergistically enhanced cancer phototherapy. Firstly, a water-soluble porphyrin (TMePyP) was synthesized, and on the other hand, AuNRs synthesized via seed-mediated method were incorporated on polyvinylpyrrolidone (PVP) modified GO (GO@AuNRs). The as-synthesized water-soluble porphyrin was anchored on the GO@AuNRs to form GO@AuNRs-TMePyP nanocomposites. The AuNRs incorporated on the modified GO exhibited good photothermal efficiency and stability. The as-synthesized nanocomposite was found to be stable in different media, with an improved singlet oxygen quantum yield generation compared to the bare TMePyP. The toxicity of all the as-synthesized materials was evaluated using MTT assay against mouse bladder cancer cell line (MBT-2), which showed the excellent biocompatibility of GO@AuNRs-TMePyP as a good photo synergistic therapeutic agent for biological applications (Scheme 1).




2. Results and Discussion


2.1. Characterization of 5,10,15,20-Tetrakis(1-methylpyridinium-3-yl)porphyrin


The synthesis of 5,10,15,20-tetrakis(pyridinium-3-yl)porphyrin (TPyP) was carried out using the modified Adler method, and the product was methylated using methyl iodide to produce TMePyP as shown in Scheme S1. The formation of TPyP and its methylated derivative (TMePyP) was confirmed by UV-Vis, FTIR, NMR and PL analyses. UV-Vis spectrum of TPyP showed five characteristic peaks of porphyrin: the soret peak (I) at 420 nm, with four Q-bands at 516 nm (II), 550 nm (III), 588 nm (IV), and 646 nm (V), (Figure 1a) [34,35]. After methylation, the Soret peak-I was blue-shifted by 2 nm, whereas the Q-band (II) absorbance peak became sharp, which reduced the Q-band (III) to look like a shoulder. The Q-band (IV) was blue-shifted by 10 nm, and lastly, the Q-band (V) became broad, as seen in Figure 1a insert. These changes signal the methylation of TPyP. The as-synthesized TMePyP was readily soluble in water.



The FTIR (Figure 1b) of TPyP showed stretching vibrations of an aromatic amine group (N-H) and the bending of aromatic amine (C-N) at 3113 and 964 cm−1, respectively, which are the characteristic absorptions of free-base porphyrin. After methylation of TPyP to form TMePyP, both N-H and C-N bands shifted to the higher wavenumber by 118 and 14 cm−1, respectively. The asymmetric skeleton vibrations of the methyl bridges, pyrrole rings and the stretching vibration of C=C in the pyridyl aromatic ring are seen at bands around 1500–1600 cm−1. An intense band shows the vibration of the C-H bond from pyrrole at 793 cm−1, which is seen in both porphyrins with no shift. A new C-H stretching mode of the methyl group at 3026 cm−1 is visible in the spectra of TMePyP, which confirmed the methylation of TPyP.



The 1H-NMR spectrum of TPyP in CDCl3 at 500 MHz shows a signal at −2.845 ppm corresponding to NH pyrrolic protons (Figure S1). The signals for H-Phenyl (meso) protons are four singlets at 6.77–7.768 ppm, whereas the signals for ortho 3,5 phenyl protons are the doublets between 8.178 and 8.531 ppm. The signals for β pyrrolic protons are located at 8.810–8.819 ppm. The two doublets signal peaks at 9.052–9.139 ppm are attributed to para phenyl protons. The ortho 2,6 phenyl protons singlet is located at 9.449 ppm. The signal peaks at 8.810 ppm and 0.068 ppm are due to the solvent used, CDCl3 and water, respectively. The 1H-NMR spectrum of TPyP presents all the expected signals. The asymmetrical meso substituted compound in which a significant diminution of the current of the cycle causes the shielding of β pyrrolic protons and the un-shielding of internal NH protons [36]. The 1H-NMR spectrum of TMePyP (Figure S2) shows new peaks at 1.750–3.119 ppm compared to TPyP due to methylation. The signals in the 13C-NMR of TPyP are demonstrated in Figure S3 and are divided into some major regions. The α-pyrrolic carbons, which are very sensitive to electronic effects, display a signal between 149 and 153.57 ppm. The β-pyrrolic carbons resonate around 137.67–140.95 ppm and the meso-carbons between 116.74 ppm and 123.63 ppm. The three signals at 76.78–77.29 ppm are from the solvent CDCl3. Figure S4 shows the 13C-NMR signals of TMePyP, which are similar to TPyP. The porphyrins were further analyzed using PL. The emissions were seen at 650 nm and 716 nm for TPyP, and 661 nm and 708 nm for TMePyP, respectively (Figure 1c). The TMePyP was soluble in water (Figure 1d), showing brown colour under the daylight and emitted a red-pink colour under UV-light (λ = 365 nm).




2.2. Synthesis of GO and Its Surface Modification with PVP


GO was prepared using the Hummers method and then modified with PVP to increase the aqueous dispersibility [37,38]. The UV spectrum of the as-synthesized GO (Figure 2a) showed small shoulder peaks corresponding to π-π* carbon-carbon and n-π* oxygen-carbon transitions [39]. When GO was modified with PVP, the π-π* and n-π* of GO disappeared, indicating the interaction of PVP with GO. To further prove this, FTIR spectra of GO, PVP and GO-PVP were analyzed, which demonstrated that PVP chains have completely masked GO sheet surface. This could be attributed to the fact that PVP and GO-PVP vibrations are similar, with both spectra showing two stretched peaks at 1670 and 1283 cm−1 corresponding to C=O and C–N of PVP, respectively (Figure 2b). The TEM image of GO-PVP inserted in Figure 2a portrayed a 2-dimensional sheet of GO.




2.3. Synthesis of AuNRs and Fabrication of GO@AuNRs Nanocomposite


The AuNRs was synthesized using the seed-mediated method. The as-synthesized AuNRs was confirmed using UV-Vis-NIR spectroscopy and TEM. The UV-Vis-NIR spectrum showed two unique peaks at 512 nm and 850 nm, which were due to the transverse surface plasmon resonance (TSPR) and longitudinal surface plasmon resonance (LSPR), respectively (Figure 3a). The UV-Vis-NIR spectrum of GO@AuNRs composites shows the presence of AuNRs peaks. This indicates that the incorporation of AuNRs on the GO sheet did not affect their shape. The TEM image shows AuNRs with an average length of 36.60 nm and width of 5.96 nm, and few spherical particles with an average diameter of 15 nm (Figure 3b). TEM image of GO@AuNRs (Figure 3c) portrayed AuNRs widely anchored on the surface of GO. Figure 3d illustrated the FTIR spectra of PVP modified GO, AuNRs and GO@AuNRs. The characteristic peaks at ~3424 cm−1, 2860–2925 cm−1, ~1667 cm −1, ~1240 cm −1 and 1281 cm −1, which belong to O–H, C–H, C=O, C–O and C-N bond vibrations respectively in the PVP modified GO, can also be seen in the GO@AuNRs. Furthermore, the GO@AuNRs spectrum also shows the presence of alkyl C-H stretching vibration bands at ~2850 and ~2918 cm−1 [40], corresponding to the CTAB capping agent on the AuNRs.




2.4. Anchoring of Porphyrin on the GO@AuNRs Nanocomposite


The zeta potential of PVP, GO, modified GO demonstrated a potential change from −22.74 for GO to −6.40 mV after modification with PVP (Figure 4a). Moreover, after incorporating positively charged AuNRs (+30.77 mV) on the partially negative charge modified GO, the potential changed to +12.20 mV due to the interaction between modified GO and AuNRs. When a water-soluble porphyrin (TMePyP) was anchored on the GO@AuNRs nanocomposite, the potential increased to +24.44 mV due to the cationic charge of TMePyP. The UV-Vis-NIR spectrum of GO@AuNRs-TMePyP in Figure 4b shows both peaks of AuNRs and porphyrin. However, the LSPR peak of AuNRs in GO@AuNRs-TMePyP was red-shifted by 20 nm. The TSPR of AuNRs merged with the Q-bands of porphyrin. Figure 4c shows the FTIR spectrum of GO@AuNRs-TMePyP, which exhibits most of the GO@AuNRs bands such as OH broadband, C=O and C-O stretching vibration at ~3424 cm−1, ~1667 cm−1 and ~1240 cm−1, respectively. The alkyl C-H bands of AuNRs at ~2850 and ~2918 cm−1 became sharper in the nanocomposite due to the porphyrin alkyl C-H bands. The porphyrin peaks at 1494 cm−1 and 1291 cm−1 due to their C=C and C-N stretching can also be seen in the GO@AuNRs-TMePyP spectrum. These results indicate the formation of GO@AuNRs-TMePyP nanocomposite.



The photoluminescence (PL) spectrum (Figure 4d) of GO@AuNRs-TMePyP shows similar emission peaks of TMePyP at 661 and 708 nm, further confirming its presence in the nanocomposite. The decrease in intensity observed can be attributed to the intramolecular donor-acceptor interaction of TMePyP and graphene oxide through photoinduced electron transfer or energy transfer, which result in slight quenching [41,42]. When the GO@AuNRs-TMePyP solution was irradiated under UV-light, the red-pink colour emission of TMePyP was maintained (Figure 4d inset).




2.5. In vitro Photothermal Effect and Photostability of GO@AuNRs


GO, GO, GO@AuNRs and AuNRs at an equal concentration (100 µg/mL) were irradiated with 785 nm laser and ~500 mW to investigate the photothermal effect. The results showed an increase in the temperature with time (Figure 5a). The temperature change of GO@AuNRs increased by 21.1 °C within 9 min, whereas the temperature of the water, GO and AuNRs increased by 3.8, 3.8 and 17.7 °C, respectively. The higher increase in the temperature of GO@AuNRs when compared to bare AuNRs is due to the enhanced photon absorption when irradiated with a laser [20,43]. The water and GO showed almost similar temperature changes because GO has a highly oxidized structure with a disrupted π conjugation, which lowers its conductivity [6,20,43]. Figure 5b shows the temperature change of 10.8, 16.8 and 21.8 °C after 10 min of irradiation with the different concentrations of GO@AuNRs at 25, 50 and 100 µg/mL, respectively. The increase in temperature for the GO@AuNRs solution with time after irradiation was also observed on the IR-thermal camera, as shown in Figure 5c. The results showed a directly proportional relationship between irradiation time and increasing temperature. The GO@AuNRs were shown to be photothermal efficient when irradiated in ON and OFF laser cycles for 5250 s (Figure 5d). The GO@AuNRs were found to be stable during these cycles.




2.6. Effect of Culture Medium and pH on Optical Properties of GO@AuNRs-TMePyP


The colloidal stability of nanomaterials is one the most important characterizations for their biological applications. This helps to understand the nanomaterial’s physicochemical properties when they interact with the complex biological media comprising of electrolytes proteins, lipids and many more [44]. Stability of AuNRs, GO@AuNRs, TMePyP and GO@AuNRs-TMePyP in the supplemented culture medium RPMI (Figure 6a) and PBS (Figure 6b) at a volume ratio of 1:10 (sample:medium) was evaluated against time. The AuNRs, GO@AuNRs and GO@AuNRs-TMePyP were found to be highly stable (above 90%) for 24 h in RPMI medium. On the other hand, the TMePyP sample showed stability slightly above 80% in the RPMI medium after 24 h. However, when the samples were dispersed in PBS, all of them showed stability above 90% after 24 h. GO@AuNRs-TMePyP nanocomposite was more stable than the bare TMePyP in PBS. The stability of GO@AuNRs-TMePyP nanocomposite is attributed to the modified GO as it has been reported that GO prevents the protein from absorbing in the physiological environments [45].



The effect of pH on the stability of TMePyP and GO@AuNRs-TMePyP was carried out at different buffer solutions with pH 4, 7 and 10. It is seen in the UV-Vis spectrum (Figure 6c) that the Soret band and Q bands (II, III and IV) were red-shifted to 430 nm, 517 nm, 592.5 and 649 nm, respectively, in the acidic medium, which could be due to protonation. In an alkaline medium, the TMePyP was deprotonated, the Soret band on the UV-Vis spectrum red-shifted, showing two soret peaks at 430 and 458 nm, while the Q-bands IV and V became more pronounced with a slight red-shifting to 590 nm and blue-shifting to 633 nm, respectively [46]. In addition, the Q band II absorbance decreased. The UV-Vis spectrum (Figure 6d) of GO@AuNRs-TMePyP maintained the soret and Q bands without significant changes in the spectra. In Figure 6e, the photoluminescent measurements of TMePyP showed similar patterns compared with its UV-Vis spectrum (Figure 6c), with weak emission peaks in both acidic and alkaline pHs. However, PL spectra of GO@AuNRs-TMePyP (Figure 6f) showed a similar pattern in all the pHs. These results confirmed the strong protection of TMePyP by GO@AuNRs, and hence it is not greatly affected by pH changes.




2.7. Fluorescence Quantum Yield and Singlet Oxygen Quantum Yield of GO@AuNRs-TMePyP


The fluorescence quantum yield of TMePyP and GO@AuNRs-TMePyP were measured to be 0.31 and 0.14 using equation (2), respectively. The singlet oxygen emission quantum yield (SOQY) of TMePyP and GO@AuNRs-TMePyP were determined by a photochemical method using DPBF as singlet oxygen scavenger and MB as the reference. The singlet oxygen generation kinetics of mixed samples with DPBF were obtained by irradiating them at 535 nm at intervals of 1.5 min for 6 min and observing the intensity relative to the deterioration of DPBF at 471 nm (Figure 7). The singlet oxygen generation reaction rate constants were found to be 0.013 and 0.056 min−1 for TMePyP and GO@AuNRs-TMePyP, respectively, as calculated from first-order integrated rate reaction Equation (1) below:


  ln    [  int  ]   t  =    ln     [  int  ]   0  − kt ,  



(1)




where [int]t is the intensity of DPBF (471 nm) at a particular irradiation time (t), while [int]0 is the initial intensity at the beginning of the reaction and k is the reaction rate constant, which is the slope of the graph.



The slopes of the graph in Figure 7d, together with Equation (3), were used to calculate the SOQY of TMePyP and GO@AuNRs-TMePyP. The SOQY of GO@AuNRs-TMePyP was more dramatically higher than that of the bare TMePyP. The SOQY of TMePyP increased from 0.094 to 0.186 after the formation of GO@AuNRs-TMePyP.




2.8. Cytotoxicity of GO@AuNRs-TMePyP


The cytotoxicity of AuNRs, GO, GO@AuNRs, TMePyP and GO@AuNRs-TMePyP were evaluated against MBT-2 cell lines using the MTT assay. The GO shows cell viability above 80% in all concentrations used (5–100 µg/mL) (Figure 8). The AuNRs and TMePyP cell viability decreased with the increasing concentration (Figure 8). The decrease in the AuNRs cell viability has been attributed to the toxicity of the CTAB capping agent used during the synthesis [15,20,21,22,23]. However, GO modification of AuNRs improved cell viability by approximately 30% at 100 µg/mL (Figure 8). On the other hand, TMePyP showed 40% cell death at 100 µg/mL. However, GO@AuNRs-TMePyP showed an improved cell survival rate by 25% due to the suppression of TMePyP by GO@AuNRs. The cell survival rate results revealed that GO@AuNRs-TMePyP possesses great potential for biological applications because of its biocompatibility.





3. Materials and Methods


3.1. Materials


Hydrogen tetra-chloroauric hydrate (HAuCl4·H2O, 99.9%), sodium borohydride (NaBH4, 99%), silver nitrate (AgNO3, 99%), cetyltrimethylammonium bromide (CTAB, ≥99%), ascorbic acid (AA, 99%), sodium oleate, (NaOL, ≥99%), phosphate-buffered saline (PBS), Roswell Park Memorial Institute (RPMI) medium, hydrochloric acid (HCl, (12.1 M)), graphite powder, sulfuric acid (H2SO4), sodium nitrate (NaNO3), potassium permanganate (KMnO4), peroxide (H2O2), sodium hydroxide (NaOH), 3-pyridylcarboxaldehyde, propionic acid, pyrrole, sodium bicarbonate, ethanol, dichloromethane, methanol, ethyl acetate, n-hexane, chloroform, acetone, disodium hydrogen phosphate buffer, petroleum ether, calcium chloride, methylene blue, diethyl ether, a 1,3-diphenyl benzofuran and methyl iodide were purchased from Sigma-Aldrich, Kempton Park, South Africa. All solutions of gold salt, AgNO3 and NaBH4 were freshly prepared. All glassware used in the experiments were cleaned and washed thoroughly with MilliQ water (15.0 MΩ cm @ 25 °C) and dried before use.




3.2. Characterization Techniques


UV-Vis-NIR JASCO V-770 spectrophotometer (JASCO Corp., Japan) was used to measure UV-Vis-NIR absorption spectra of the samples. The surface chemistry was investigated using Spectrum two UATR spectrometer, Perkin Elmer (Beaconsfield, UK). The morphologies of the samples were captured by high-resolution transmission electron microscopy (HRTEM, JEOL 2010,200 KV, Tokyo, Japan). The size of the AuNRs and composites were measured from TEM images using ImageJ software. Zeta sizer (ELSZ-2000, Osaka, Japan) was used to measure the surface charge of the materials. Fluorescence spectra of the samples were measured using Shimadzu spectrophotometer (RF-6000, Kyoto, Japan). For NIR irradiation, XTRA II, High-Power, Single-Frequency Diode Laser (~500 mW @ 785 nm, Tokyo, Japan) with an 8 mm beam diameter was used.




3.3. Synthesis of 5,10,15,20-Tetrakis (3-Methyl Pyridyl) Porphyrin


5,10,15,20-tetrakis(3-pyridyl)porphyrin, TPyP was prepared using Adler-Longo method with modifications, which was further methylated to produce 5,10,15,20-tetrakis (3-methyl pyridyl) porphyrin (TMePyP) [47,48]. Initially, TPyP was synthesized by mixing 3.76 mL (0.04 mol) of 3-pyridylcarboxaldehyde and 2.8 mL (0.04 mol) of freshly distilled pyrrole in a flask containing 150 mL of propionic acid under reflux conditions. After ca. 30 min, the flask was cooled to room temperature, and distilled water (150 mL) was added to the reaction mixture. The product was extracted using 150 mL of dichloromethane. After removal of the solvent, the product was purified by column chromatography using dichloromethane, n-hexane, and methanol (1:1:1) as eluents to give 350 mg of TPyP yield.



For the methylation of TPyP, 330 mg of the as-synthesized TPyP was mixed with 30 mL of MeI in CHCl3 at room temperature and stirred. After 6 h, the solution was filtered and washed with diethyl ether, and the filtrate was air-dried. 1H NMR spectra and 13C-NMR spectra were recorded on a Bruker Advance DPX-400 MHz spectrometer (Karlsruhe, Germany). The absorption spectra were recorded on a UV-Vis-NIR JASCO V-770 spectrophotometer (JASCO Corp., Tokyo, Japan).




3.4. Synthesis of GO, AuNRs and Fabrication of GO@AuNRs


Graphene oxide was prepared using a modified Hummers’ method [39]. Briefly, 69 mL of ice-cold concentrated H2SO4 was added to a mixture of 3.01 g of graphite flakes and 1.51 g of NaNO3, while stirring in an ice bath. This was followed by the slow addition of KMnO4 (~10 g) and warmed to 35 °C while stirring for 30 min. Next, 138 mL of distilled water was added in portions, and the temperature was increased to 95 °C and stirred for 30 min. The solution was then cooled to room temperature, and the reaction was terminated by adding H2O2 (30 mL). The solution was left to settle, and the suspension was discarded, followed by pH neutralization with distilled water; it was then allowed to dry at room temperature. The obtained graphite oxide powder was exfoliated into GO sheets using ultrasonication.



AuNRs were synthesized using the seed-mediated method following the modified procedures developed by Vigderman and Zubarev [49]. Briefly, 0.250 mL of HAuCl4·H2O (0.010 M) and 9.5 mL of CTAB (0.10 M) was prepared. Next, 0.6 mL of freshly prepared ice-cold 0.010 M NaBH4 (prepared in NaOH (0.010 M)) was added, and the solution was stirred for 10 min. The solution was kept unstirred for an hour at room temperature. The growth solution was prepared by mixing 0.50 mL of HAuCl4·H2O (0.010 M), 8.0 mL of CTAB (0.10 M) and 0.04 mL of freshly prepared AgNO3 (0.10 M), respectively, with gentle stirring for 15 min. This was followed by the addition of HCl (1.0 M) to obtain a pH of 2.55. Next, 0.50 mL of 0.10 M hydroquinone was added, and the solutions turned completely colorless. Lastly, 2.0 mL of the seed solution was added, and the solution was left unstirred for 20 h at room temperature. After 20 h, the AuNRs were collected by centrifugation to remove excess CTAB and Au nanoparticles of other shapes (AuNPs) using different centrifugation speeds.



To fabricate GO@AuNRs nanocomposite, PVP (16 mg) was added to GO dispersion (4 mL, 0.1 mg/mL), followed by stirring for 30 min. Then, 2 mL of AuNRs dispersion was added to the PVP-stabilized GO solution under vigorous stirring for 24 h at room temperature. The resulting dispersion was washed and centrifuged three times to remove excess PVP and AuNRs. The final pellet was dissolved in 2 mL of deionized water.




3.5. Anchoring TMePyP on GO@AuNRs


The formation of GO@AuNRs nanocomposite-porphyrin conjugate was carried out using Tsolekile et al. [50] with modifications. Briefly, 0.2 mL of TMePyP (1 mg/10 mL, H2O) was added to 2 mL of GO@AuNRs and stirred for 1 h at room temperature.




3.6. Photothermal Evaluation


Photothermal efficiency of the AuNRs was measured by placing 1 mL of different concentrations (5–100 µg·mL−1) of AuNRs in a 1.5 mL Eppendorf tube followed by irradiation using an ~500 mW, 785 nm laser. For comparison, 100 µg·mL−1 of AuNRs, GO, GO@AuNRs and GO@AuNRs-TMePyP was irradiated using the same laser. For photothermal efficiency, reproducibility and photostability studies, 1 mL of AuNRs, GO@AuNRs and GO@AuNRs-TMePyP (all samples at 100 µg·mL−1) was irradiated in a 1.5 mL Eppendorf tube in an ON and OFF cycle with a time intervals of 6 min using an ~500 mW @ 785 nm laser. Photostability of all the samples after 1 h of irradiation was measured using UV-Vis-NIR spectroscopy. The temperature changes with time in all experiments were measured using a thermocouple.




3.7. Culture Medium and pH Stability Evaluation


TMePyP and GO@AuNRs-TMePyP were tested for stability at pH 4, 7 and 10 buffer solutions. Briefly, TMePyP and GO@AuNRs-TMePyP were added to the pH buffer solution at 1:10 volume ratio. The absorbance of each sample was measured using UV-Vis-NIR and PL spectroscopy. The stability of AuNRs, GO@AuNRs and AuNRs@GQDs was also tested in two culture media (RPMI and PBS, pH = 7.4). Briefly, 200 µL of AuNRs, GO@AuNRs and GO@AuNRs-TMePyP was added separately into 2 mL of RPMI (supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine-penicillin-streptomycin (L-Glu), and 0.5% geneticin G418), and the absorbance at 850 nm and for TMePyP at 415 were measured immediately (30 min, 60 min and 24 h for all the samples). The same procedure was followed for the stability in phosphate-buffered solution (PBS, Ca2+ and Mg2+ free, pH = 7.4). The medium without samples was used as the reference samples.




3.8. Fluorescence Quantum Yield Measurements


TMePyP and GO@AuNRs-TMePyP were dispersed in distilled water to have an absorbance close to 0.1 at 560 nm, while methylene blue (MB) was dispersed in water to have an absorbance close to 0.1 at 560 nm. The samples were placed in a 3 mL pre-cleaned quartz cuvette with 1 cm optical path. The entire spectrum was scanned against the background spectrum of water. The emission spectra and quantum yield (QY) were obtained at ambient conditions using a Shimadzu RF-6000 (Shimadzu Corporation, Kyoto, Japan) spectrophotometer. The QY was calculated using the following Equation (2) below:


    QY  s  =  (     (     A s     A  MB      )  ×  (      Abs   MB       Abs  s     )     (     n  MB  2     n s 2     )     )  ×      QY    MB   ,  



(2)




where QYS and QYMB are the quantum yield of the sample and reference, AS and AMB are the area under the high-intensity peaks of the sample and reference, AbsS and AbsMB are the absorbances at the excitation wavelength of the sample and reference, and nS and nMB are the refractive indexes of the sample and reference, respectively. The reference standard used was the MB solution in water with QY of 0.52.




3.9. Singlet Oxygen Quantum Yield Evaluation


Singlet oxygen quantum yield (SOQY) was determined following Tsolekile et al. [46]. In short, the standard of 1,3-diphenyl benzofuran (DPBF) solution (32 mM in DMSO), methylene blue (MB) solution (20 mM in DMSO), TMePyP solution (10 mM in water) and GO solution (0.1 mg/mL in water) were prepared, followed by a mixture of DPBF:TMePyP, DPBF:MB, DPBF:GO, DPBF:GO@AuNRs–TMePyP conjugate in a ratio of 1:1. The photoluminescence spectrophotometry laser light was used to irradiate the mixtures at 535 nm for 6 min with a 1.5 min time interval. The DPBF intensity decrease was monitored at 471 nm peak position. The SOQY was calculated against an aqueous solution of methylene blue (20 mM) as a standard (SOQY = 0.52) using Equation (3) below:


  SOQY =  (     (     I s     I  MB      )   (     M s     M  MB      )     (      Abs  s      Abs   MB      )     )    SOQY   MB   ,  



(3)




where SOQY and SOQYMB are the SOQY of the samples (TMePyP, conjugate) and the reference (MB, 0.52), Mc and MMB are the slopes of the samples and reference, Abss and AbsMB are the absorbance of the samples and the reference at irradiation wavelength, and IS and IMB are the refractive indexes of the sample and reference, respectively.




3.10. Cell Culture, Cytotoxicity and Photo-Cytotoxicity Assays


The mouse bladder tumor line-2 (MBT-2) cell-line, donated by Tohoku University, was cultured in D-MEM (supplemented with 10% FBS). Cells were then incubated at 37 °C in a mixture of 5% carbon dioxide and 95% air until 80% confluence was achieved. Cytotoxicity assay was evaluated by following the standard 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay protocol. Briefly, 2 mL of cell suspension (1.0 × 104 cells·mL−1) was added to 12 wells plates separately and incubated for 24 h with the same condition as cell culture. After 24 h of incubation, cells were exposed to 100 µL of GO, AuNRs, GO@AuNRs, TMePyP and GO@AuNRs-TMePyP, at different concentrations (5–100 µg·mL−1) in triplicate, and further incubated for another 24 h. Control cells were not exposed to any samples. After 24 h, 0.2 mL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT (5 mg·mL−1)) solution was added and incubated at the same condition for 1 h. The medium was discarded in all wells, and 2 mL of dimethyl sulfoxide was added. Then, 0.1 mL from each well was transferred to a 96 well plate, and the absorbance was measured at a wavelength of 590 nm. The survival fraction for cytotoxicity assays was calculated from the following Equation (4):


   Survival   fraction  =      A   s      −      A   b     A c    −      A   b    ,  



(4)




where As is the absorbance of cells with the sample, Ab is the absorbance of the blank sample and Ac is the absorbance of the cell without sample as a control.




3.11. Statistical Analysis


Data are presented as the mean ± standard error of the mean (SEM). Statistical comparisons were made using Tukey’s multiple comparisons test. Statistically, values of p < 0.05 were significant.





4. Conclusions


In summary, a synergistic phototherapeutic agent was prepared with enhanced thermal and colloidal stability, and photothermal and photodynamic properties. TPyP was synthesized and methylated to TMePyP using Adler-Longo method and was characterized using different analytical techniques to confirm its properties. The GO was synthesized using a modified Hummers method and then further functionalized with PVP. The AuNRs were synthesized using the seed-mediated method and incorporated on modified GO’s surface to form GO@AuNRs. The optical and structural characterizations were used to confirm the properties of the GO, PVP-modified GO, AuNRs and GO@AuNRs. GO@AuNRs showed higher photothermal efficacy than bare AuNRs and GO, with excellent ON and OFF photothermal cycles. The TMePyP was then anchored on the surface of GO@AuNRs. GO@AuNRs-TMePyP exhibits good stability in both culture media (RPMI and PBS) and at different pH solutions, with more singlet oxygen production than bare TMePyP at a fast rate. The cytotoxicity of GO, AuNRs and TMePyP evaluated against MBT-2 cancer cell lines using MTT assay showed that GO@AuNRs-TMePyP was more biocompatible and less light-sensitive than bare TMePyP, even at a high concentration of 100 µg/mL. The results of this study showed GO@AuNRs-TMePyP has a potential as an agent for synergistic phototherapeutic action.
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Scheme 1. Schematic illustration of the preparation and properties of the GO@AuNRs-Porphyrin conjugate. 
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Figure 1. (a) UV-Vis spectra of TPyP and TMePyP with enlarged UV-Vis spectra. (b) FTIR spectra of TPyP and TMePyP. (c) Normalized PL spectra of TPyP and TMePyP excitation of 415 nm. (d) Images of TMePyP under normal light (i) and UV-light irradiation (ii). 
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Figure 2. (a) UV-Vis spectra of GO and GO-PVP (Inset GO-PVP TEM image scale 200 nm), and (b) FTIR spectra of GO, PVP and GO-PVP. 
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Figure 3. (a) UV-Vis spectra of AuNRs and GO@AuNRs. TEM image of (b) AuNRs with corresponding length distribution histogram and (c) GO@AuNRs (scale: 200 nm). (d) FTIR of GO-PVP, AuNRs and GO@AuNRs. 
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Figure 4. (a) Zeta potential of GO, PVP, GO-PVP, AuNRs, GO@AuNRs, TMePyP and GO@AuNRs-TMePyP. (b) UV-Vis-NIR spectra of Por, GO@AuNRs and GO@AuNRs-TMePyP, and inset of enlarged UV-Vis-NIR spectrum. (c) FTIR spectra of 3-TMePyP, GO@AuNRs and GO@AuNRs-TMePyP. (d) PL spectra of TMePyP and GO@AuNRs-TMePyP at an excitation wavelength of 415 nm, inset: images of GO@AuNRs-TMePyP under normal light (i) and UV-light irradiation (ii). 
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Figure 5. (a) Photothermal profile of water, GO, AuNRs and GO@AuNRs at 100 µg/mL irradiated with ~500 mW @ 785 nm Laser. (b) The photothermal efficiency of GO@AuNRs at different concentrations irradiated with ~500 mW @ 785 nm Laser. (c) IR-Thermal camera images of GO@AuNRs at different times (i) 2 min, (ii) 4 min, (iii) 6 min and (iv) 10 min at the concentration of 100 µg/mL. (d) Photothermal efficiency of GO@AuNRs at 50 µg/mL in an ON and OFF cycles with the intervals of 375s using ~500 mW @ 785 nm Laser. 
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Figure 6. Time-dependent stability of AuNRs, GO@AuNRs, TMePyP and AuNRs-GO- TMePyP in (a) RPMI and (b) PBS. Stability of (c) TMePyP and (d) GO@AuNRs-TMePyP at different pH. The photoluminescent stability of (e) TMePyP and (f) GO@AuNRs-TMePyP at different pH. 
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Figure 7. PL emission spectra of (a) DPBF:MB, (b) DPBF:TMePyP and (c) DPBF:GO@AuNRs-TMePyP excited at 560 nm for 6 min at the intervals of 1.5 min. (d) Integrated emission intensity time graph of DPBF at 471 nm after mixing with MB, TMePyP and GO@AuNRs-TMePyP and irradiated radiated at 560 nm for different time intervals 6. 
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Figure 8. Cell viability of GO, AuNRs, GO@AuNRs, TMePyP and GO@AuNRs-TMePyP against MBT-2 cells (* p < 0.05). 
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