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Abstract

:

Targeted brain cancer treatments are sorely needed to improve long-term prognosis, particularly for gliosarcoma and glioblastoma patients. Gold nanoparticles (GNPs) have unique properties including high atomic number, biocompatibility, and small size for cancer cell internalization. GNPs are consequently an ideal candidate for improved cancer targeting using image-guided radiotherapy. This work investigated 15 nm AuroVistTM GNPs for image-guided gliosarcoma radiotherapy and identified optimum GNP concentrations. The GNPs were found to be 15–20 nm using optical surface plasmon resonance absorption, with a (41.3 ± 0.3) nm hydrodynamic diameter. Confocal imaging showed that 50–500 µg/mL of the GNPs was well-internalized into the 9L cells within 24–48 h. γ-H2AX assays showed that 50–500 µg/mL of the GNPs radiosensitized the 9L cells irradiated with 125 and 150 kVp X-rays. However, only 500 µg/mL of the GNPs produced significant long-term dose enhancement with 150 kVp X-rays (with a sensitization enhancement ratio at 10% survival of 1.43, and 1.13 with 50 µg/mL) using clonogenic assay. CT imaging of the GNPs in the 9L tumors in Fischer rats further showed that GNP concentrations above 500 µg/mL were required to distinguish the tumor from the brain, and the GNPs were detected 48 h after injection. These promising results indicate that the GNPs can be used for selective gliosarcoma treatment with image-guided X-ray radiotherapy at concentrations above 500 µg/mL.
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1. Introduction


The limiting factor in cancer control is normal tissue toxicity. Cancer treatments become challenging due to tumor location near or within sensitive tissue, and inherent resistance of tumor cells to radiation and chemotherapy. Glioblastoma multiforme and gliosarcomas are radiation-resistant brain cancers with poor long-term survival outcomes (just 2 years, and 6 months, respectively); and unfortunately, this statistic has not changed over the last 30 years [1]. Despite optimized cancer treatment regimens using chemotherapy, surgery, and radiotherapy, multiple difficulties are faced including low detection rates, risk to healthy brain tissue, chemical and radiation resistances, high quality of life impact, and high probabilities of cancer recurrence [2].



Improved cancer control with targeted treatments that simultaneously preserve healthy tissue is sorely needed to improve the outlook for gliosarcoma and glioblastoma treatment. Recent advances in nanomedicine present a more selective means of cancer treatment. Nanoparticles can be used as vehicles for chemotherapeutics [3] and as radiation sensitizers during radiotherapy [4,5]. This is primarily due to their high permeability and retention in cancer cells coupled with uniquely engineered properties designed to enhance cancer treatment. For radiotherapy, nanoparticles are designed to have sizes < 100 nm for cancer cell internalization and a high atomic number (Z) for high X-ray absorption, production of secondary electrons in excess, inducing oxidative stress, and damaging cellular components to destabilize cancer cells [4,5,6,7,8].



Gold nanoparticles (GNPs) have been well-studied for radiotherapy enhancement due to their biocompatibility, small sizes (from 100 nm to below 2 nm), and high Z (79). Simulation studies have modeled the interaction of X-rays with GNPs to understand their physical nanoscale and microscopic dose enhancement capability [9,10,11,12,13]; in vitro studies have characterized the uptake [14], cytotoxicity, and radiobiological effects of GNPs on multiple cell lines [13,15,16]; and preclinical studies have shown evidence that GNPs enhance the treatment of tumors using radiotherapy [5,15,17]. The factors that determine effective radiation dose enhancement with GNPs are numerous and include GNP concentration, size, shape, localization and uptake in cells, cell type, and external beam energy [6,9,14,15,18].



The properties that allow GNPs to be useful for radiation dose enhancement also assist in detection of GNPs for X-ray imaging [19]. GNPs have been shown to be useful contrast agents for computed tomography (CT) and micro-CT due to their relatively slow clearance, biocompatibility at high concentrations, and good visualization of highly vascularized regions and tumors [20,21]. GNPs in combination with gadolinium or other paramagnetic substances also allow contrast enhancement for magnetic resonance imaging (MRI) [22], and GNPs can be conjugated with other components for positron emission tomography (PET) and PET-CT [23]. GNPs have also shown that they can scatter and absorb large amounts of light when illuminated in the visible and near-infrared region of the visible spectrum, and their absorbance properties are tunable by changing the GNP size [24,25].



Though many benefits of GNPs have been identified for use in imaging and radiotherapy, clinical trials for GNPs as radiosensitizers have yet to occur. Much of the debate hindering clinical translation concerns the mechanisms of radiosensitization, variability in uptake or retention of GNPs in vivo, and concern over usable concentrations [26]. Other metal-based NPs have reached phase 1 clinical trials with properties for image guidance and radiotherapy [27], and so there may be a pathway for GNPs in the future. In this work, we investigated 15 nm GNPs, which have a promising history for radiotherapy and imaging [5,15,20,21], and we determined the concentrations required for effective image contrast and radiation dose enhancement in vitro and in vivo for gliosarcoma cancer. We show what factors affect the radiation- and image-enhancement with GNPs for image-guided radiotherapy of gliosarcoma in view of clinical transfer.




2. Materials and Methods


AuroVistTM 15 nm diameter GNPs were purchased from Nanoprobes Inc. (Yaphank, NY, USA) in a 200 mg/mL stock solution. The stock was diluted in Gibco® Dulbecco’s phosphate buffered saline (DPBS), without calcium and magnesium ions, to a final concentration of 10 mg/mL or 20 mg/mL depending on use. Prior to use, the GNP solution was vortexed in pulses for 30 s.



2.1. Size Characterization


The hydrodynamic size of the GNPs was measured with dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS. The Z-average size is comparable with the size measured by other techniques (such as X-ray diffraction) if the sample is spherical or near-spherical in shape, monodispersed, and the sample is prepared in a suitable dispersant. GNPs were diluted to 1 mg/mL in DPBS and 100 µL was added to a U-shaped 96-well plate for analysis using the Zetasizer. Readings were made by the Malvern machine at a temperature of 24.9 °C. Three samples from each well were taken with 10 runs in each.



The Z-average size of the GNPs was extracted from a correlation curve that represented particle dispersion fitted with an exponential function to determine the hydrodynamic diameter using a variation of the Stokes–Einstein equation [28].



Optical characteristics of the GNPs, such as surface plasmon resonance (SPR) and plasmon absorption, have recently gained interest for numerous applications including sensing and cell imaging [24,25]. Plasmons in the GNPs have sizes much smaller than photon wavelength, called localized surface plasmons, such that the plasmon oscillation is distributed over the whole particle volume. Only light with frequency in resonance with the plasmon oscillation excites the localized SPR, and therefore it is a useful indicator of GNP size [25]. To further confirm the individual GNP size, therefore, we investigated the optical absorbance of 0.125–0.635 mg/mL of the GNPs with a SpectraMax® M series plate reader using wavelengths 190–1000 nm.




2.2. Nanoparticle Uptake in 9L Gliosarcoma Cells


9L gliosarcoma (9LGS) cells were acquired from the European Collection of Cell Cultures (ECACC) and cultured in T75 cm2 flasks containing Gibco® Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. 9LGS cells were incubated at 37 °C and 5% (v/v) CO2. Prior to GNP addition or radiotherapy, 9LGS cells were sub-cultured into T12.5 cm2 flasks (BD FalconTM) containing 5 mL of supplemented DMEM.



GNPs were added to 9LGS cells in T12.5 cm2 flasks at concentrations of 50 µg/mL or 500 µg/mL and incubated for 24 h or 48 h. To determine the uptake of the GNPs into the 9LGS cells, we used laser light scatter to detect the particles in two methods.



First, fluorescence-activated cell sorting (FACS) was considered to utilize laser light to detect the size of cells and scatter from internal cellular components. Cell side scatter (SSC) was used to estimate the GNP content. After incubation with the GNPs, cells were washed with DPBS, trypsinized, and harvested before centrifuging at 380 g for 5 min at room temperature. The cells were then washed twice with DPBS before resuspension in DPBS at a concentration of 106 cells/mL. Only the GNPs inside the cells are assumed to remain after these wash steps. A Becton Dickinson flow cytometer (BD Fortessa; BD Biosciences, USA) was then used to analyze the cell samples. Forward scatter (FSC) and SSC of cells with and without the GNPs were recorded. A laser wavelength of 488 nm was used. The data were analyzed using BD FACSDivaTM Software 8.0.



The second light scatter method allows visualization of the GNP congregation in cells using confocal imaging with laser light (similar to the method described in Kim et al. [29]). Cells were cultured in ibidi® 8-well µ-slides. GNPs were added to each cell 24 h prior to imaging in concentrations of 50 µg/mL and 500 µg/mL.



A Leica TCS SP5 confocal microscope was used to image live cells following incubation with or without the GNPs. The µ-slide was imaged with a 40× or 63× oil immersion objective lens and illuminated with a 20 mW argon laser at 488 nm to induce light scatter from the sample. Light was detected using a photomultiplier in the range of 498–550 nm. Bright field images were also collected.




2.3. Cell Irradiation with Gold Nanopartilces


The irradiation of the 9LGS cells with and without the GNPs was performed at the Prince of Wales Hospital (Randwick, New South Wales, Australia 2031) using a Nucletron Oldelft Therapax DXT 300 Series 3 Orthovoltage X-ray machine (Nucletron B.V., Veenendaal, The Netherlands).



T12.5 cm2 flasks or µ-slides containing the 9LGS cells were loaded with the GNPs 24 h before irradiation in 50 µg/mL or 500 µg/mL concentrations. The monolayer of the 9LGS cells was at 6 mm depth in growth medium on a solid water phantom for irradiation. The phantom was 50 cm from the X-ray source and in full particle equilibrium. X-rays were generated using a tube potential of 125 kVp or 150 kVp, with a beam current of 20 mA, and using inherent filtration of 3 mm Be, 0.35 mm Cu and 1.5 mm Al for 150 kVp, and 0.1 mm Cu and 2.5 mm Al for 125 kVp. Cells were irradiated with a dose rate at cell depth of 0.754 Gy/min and 0.785 Gy/min for 150 kVp and 125 kVp, respectively, and doses ranging from 1 to 8 Gy were used.



Following the irradiation, cells from T12.5 cm2 flasks were seeded into 100 mm Petri dishes containing 10 mL of supplemented DMEM and incubated for 3 weeks (14 doubling times) for clonogenic assay survival. Each independent flask was seeded in triplicate sets corresponding to each treatment. Dishes were stained with a crystal violet solution (2.3% crystal violet, 0.1% ammonium oxalate, 20% ethyl alcohol from Sigma Aldrich®), after washing with DPBS (with calcium and magnesium ions). The plating efficiency was determined from the surviving colonies divided by the initial number seeded, and survival was evaluated by taking the ratio of the treated samples plating efficiency with the plating efficiency of the control.



Cells in µ-slides were put on ice 15 min after irradiation to prevent further DNA damage repair and obtained only the effect of short-term DNA damage mechanisms. The cells were then fixed with 100% ice-cold methanol for 20 min and washed with ice-cold DPBS three times. The cells were treated twice with blocking solution of 3% bovine serum albumin (BSA) in DPBS. A primary antibody (Mouse anti-phospho-Histone H2AX, at Ser139 clone JBW301) was added 1:500 in 1% BSA DPBS to the cells and incubated for 2 h. The cells were washed with DPBS to remove the primary antibody before the secondary antibody (goat anti-Mouse IgG1 Cross-Absorbed, Alexa Fluor 488) was added 1:500 in 1% BSA DPBS and incubated for 1 h in darkness. Lastly, the cells were washed in DPBS and imaged with the Leica TCS SP5.



Confocal images were acquired with a 40× or 63× oil immersion lens. A xenon laser with wavelength 488 nm exposed the cells for γ-H2AX detection. Light was detected using a photomultiplier in the range of 510–600 nm. Bright field images were also collected.



Cell images were analyzed in Fiji [30]. The foci average per cell was counted over the total cell population over the entire height span of the cell nucleus (15.74 µm) in 26 slices.




2.4. Gold Nanoparticle Contrast in Computed Tomography


To determine the contrast capability of the GNPs, 0–20 mg/mL of the GNPs in DPBS was transferred to 1.5 mL Eppendorf tubes and imaged using a Toshiba Asteion CT at the University of Wollongong, Australia, with 1 mm slice thickness, and X-rays produced with 50 mA and 100 kVp or 120 kVp. Final spatial resolution of images after reconstruction was 0.35 mm. CT numbers of each sample were measured using Fiji by taking the same region of interest (ROI) inside the center of each Eppendorf on the images.




2.5. Preclinical Brain Cancer Gold Nanoparticle Uptake


All operative procedures and animal care were in conformity with the guidelines of the Australian Government code for the care and use of animals for scientific purposes and under the approval of the University of Wollongong animal ethics committee agreement (AE16/12). Five, male, 7-week-old Fischer-344 rats (obtained from the Animal Resource Centre (ARC), Canning Vale, Perth, Australia) were acclimatized for 1 week at the UOW animal facility. At 8 weeks old, the rats were implanted with the 9LGS cells under aseptic surgical conditions.



Two hours prior to each surgery, buprenorphine (0.4 mg/kg) was given voluntarily to the rats by mixing the crushed tablets in Nutella for oral administration. At least 30 min before surgery, rat cages were warmed using a heat lamp to encourage better maintenance of body temperature under anesthesia during the initial stages of surgical preparation. In the meantime, the 9LGS cells were harvested from T75 cm2 flasks by washing with DPBS and trypsinizing for 5 min. Cells were counted, centrifuged, and washed with DMEM (not containing FBS or PS) twice. After final resuspension in DMEM, the 9LGS concentration was 10,000 cells per µL for injection.



One at a time rats were then inducted with 5% isoflurane in oxygen using a Stinger Research Anesthetic Gas Machine (Darvall Vet, 46–48 Buffalo Road, Gladesville, NSW 2111, Australia). Rats were then transferred to the Kopf® Model 963 stereotactic frame for surgery and maintained at 2.5% isoflurane. The head was shaved and cleaned prior to placement on ear bars and a bupivacaine line block (7 mg/kg) was administered to the scalp for local analgesia. An incision was made, and a burr hole was made at 3.5 mm to the right of the bregma crossing. A 30 G, 2 µL 7000 series Neuros Hamilton® syringe (4970 Energy Way Reno, NV, USA) was then used to take up the 9LGS cells (prepared as above) after vortex. The syringe was lowered to 6 mm depth in the brain and retracted 0.5 mm to create a void for the cells. A total of 1 µL of cells was then injected at 5.5 mm in the brain and held for 2 min for retention before retraction. The wound was then sutured, and the rat was allowed to recover by providing it with additional fluids and hydrogel.



At 11 days post cell implantation, the rats were anesthetized at 2.2% isoflurane for CT imaging after induction with 5% isoflurane under the conditions mentioned. A Surflash 24G 3/4” catheter was inserted into the lateral tail vein and 0.7 mL of Iomeron-350 (Bracco Ltd., Via Caduti di Marcinelle 13, Milan, Italy) was injected. After 5 min, CT images were acquired of the head of the rat with 100 kVp and 150 mA X-rays with 1 mm slice thickness to verify the presence of the 9LGS tumor.



On day 12, two rats were prepared for surgery to implant the GNPs directly to the site of the tumor, as above. A total of 2 µL of the GNPs (at 20 mg/mL) was injected to the center of each tumor (measured on CT images prior) after making a 0.5 mm void. Rats were recovered and imaged with CT under anesthesia (as mentioned previously) with the remaining three rats as controls at 4 h, 6 h, 12 h, 24 h, and 48 h post injection. On the final day of imaging, iodine was readministered to determine the final tumor volume. CT images were analyzed with Fiji to determine the relative contrast enhancement between the surrounding brain (at 40 HU) and the GNPs in the tumor.



Finally, 1.5 mL Eppendorf tubes were also loaded with the GNPs in concentrations from 0 to 5 mg/mL in DPBS and imaged with the same CT machine at 100 kVp and 120 kVp (1 mm slices) to determine the contrast capability of the GNPs at similar concentrations estimated in the brain.





3. Results


3.1. GNP Size Characterization


The size of AuroVistTM GNPs in solution was determined with DLS. Figure 1 shows the correlation curve and Z-average size of the GNPs in 1 mg/mL DPBS.



In solution, the Z-average size was found to be (41.3 ± 0.3) nm after four separate measurements (95% confidence). GNP sizes varied from 18–120 nm, however, which indicates some aggregation with 38% polydispersity (less than 20% is considered monodispersed). The polydispersity index of (0.141 ± 0.01) compares well with the previous findings by Domey et al. [20] using 0.05 mg/mL, who found the Z-average size to be (36.4 ± 0.4) nm and obtained a polydispersity index of (0.155 ± 0.02). A previous study by Bahamonde et al. [31] further showed that the mean diameter of the 15 nm AuroVistTM gold core was (13.09 ± 7.89) nm using TEM and found a Z-size of (42.64 ± 0.15) nm with a polydispersity index of (0.154 ± 0.005).



The gold core diameter of 15 nm is considerably smaller than the hydrodynamic diameter, which indicates there is a thick coating around the GNP core. Bahamonde et al. [31] used Raman spectroscopy to identify this coating as PEG or a polymer with very similar structure and conformation, as the manufacturer did not specify the coating material. PEG is a likely candidate and is commonly used, as it is a non-toxic, neutrally charged coating that is commonly used to stabilize GNPs for use in biomedicine [32].



As the nanoparticle size and coating play an important role in uptake into cancer cells, our GNP sizes show a good likelihood for cellular uptake, with optimum cancer cell uptake shown to occur for particles of approximately 50 nm size [14,18].



The optical properties the GNPs were characterized by a SpectraMax plate reader to investigate the presence of SPR in AuroVistTM GNPs and further confirm the GNP size. Light of wavelengths 190–1000 nm was exposed to the GNPs in concentrations of 0.125–0.625 mg/mL and the absorbance recorded. The results for the GNPs are shown in Figure 2. There is a clear absorbance peak at 525 nm for the GNPs that persists at each concentration. Another peak was observed at 290 nm. Increasing the concentration of the GNPs causes more absorbance, and the optical density (OD) reached saturation above 0.3 mg/mL The peak of 525 nm is expected from the GNPs of 15 nm diameter according to He et al. [25] and Chithrani et al. [14]. The GNPs between 12 and 41 nm show the maximum absorption peaks at 520–530 nm. With larger GNP sizes, the absorbance peak redshifts beyond 525 nm.



Therefore, from the SPR occurrence at 525 nm, we can conclude that these particles are <40 nm (physically less than the hydrodynamic diameter seen with DLS). He et al. [25] further found that maximum scattering peaks are located at 286 nm (seen with our GNPs at all concentrations), 310 nm (seen faintly with GNP concentrations > 0.312 mg/mL), and 480 nm (not seen here, but likely absorbed in the prominent peak at 525 nm). These may be promising targets for optical sensing of the GNPs in cells and other applications [24,25].




3.2. Gold Nanoparticle Uptake in Brain Cancer Cells


In establishing their size, the GNPs are good candidates for phagocytotic uptake by the 9LGS cells. GNP uptake and localization were confirmed in the 9LGS cells with 488 nm laser light scatter with confocal microscopy or FACS. Figure 3 shows the location of the GNPs detected within the 9LGS cells. Some of the light scatters from internal components in the 9LGS cells in the microscopy images (Figure 3a), but there were significantly more events in the cells with the GNPs.



With 50 µg/mL or 500 µg/mL of GNPs, more scatter sources were observed clustered around the cell nucleus, or above nucleus (rarely), but not within the nucleus (Figure 3b,c). However, some cells (particularly with 50 µg/mL GNPs) had scatter that was indistinguishable from the controls. Furthermore, the sources of the scatter in the 50 µg/mL of sample cases were difficult to find in most cells, but this may be a result of the microscope resolution of 90 nm and the GNPs’ expected size being <40 nm.



For 500 µg/mL, more GNP aggregates were observed physically as round, dark spots > 90 nm, and these surrounded the cell nucleus (Figure 3c). Light scatter from the GNPs was also more pronounced. Figure 3d provides an estimation of the quantity of the GNPs, assuming that sites <90 nm represent 1 GNP. This showed that the relative number of the GNPs between 50 and 500 µg/mL had increased, although the quantification efficacy of this method has yet to be assessed. However, there was high variation throughout the cell population that produced large errors in Figure 3d. This could be due to miscounted aggregated particles that were scored as single particles but were smaller than our image resolution.



Finally, the FACS results in Figure 3e show that the internal side scatter from 10,000 cells with GNPs at 50 µg/mL was elevated, but not significantly different from the control after 24 h. This agreed with our observations of cells with and without 50 µg/mL of the GNPs producing similar scatter on some of our confocal images. Longer incubation times did, however, further encourage the uptake of the GNPs further at 48 h, as the GNPs appeared to fall from suspension.




3.3. Gold Nanoparticle Dose Enhancement for Brain Cancer Radiotherapy


From our uptake study results, we investigated the potential of these GNPs for dose enhancement in external beam radiotherapy with concentrations of 50 and 500 µg/mL, incubated for 24 h. Figure 4 shows that the 500 µg/mL of the GNPs provided significant dose enhancement (p = 0.0004) leading to increased 9LGS cell death over all doses, compared to the control and with 50 µg/mL of the GNPs, which did not show a significant difference to the control survival (p = 0.6). This finding agreed with the low uptake probability observed in the previous section with 50 µg/mL of the GNPs compared to 500 µg/mL. We used 150 kVp X-rays to irradiate the 9LGS cells for clonogenic assay, as in previous work [8,13] due to the low X-ray beam energy beam that corresponds well to the optimal mass energy absorption coefficient of gold relative to water [33]. However, this may not produce the most efficient dose enhancement compared to low energy beams.



Further, the GNPs must be internalized in the cell or localized near the cell nucleus to cause additional cellular damage, including DNA damage, in the 9LGS cells during irradiation. This is due to the short range of secondary electrons produced by the GNPs with this beam energy [10,12,13]. The additional cell killing produced by the GNPs with radiation was not from cytotoxicity of the GNPs in absence of radiation, as the surviving fraction of the 9LGS cells with 50–500 µg/mL of the GNPs was (1 ± 0.1) relative to the control. This agrees with previous findings indicating the biocompatibility of the GNPs in cells [15].



Table 1 summarizes the radiobiological parameters from the clonogenic survival curve that were derived from the linear quadratic model [34]. The α parameter was similar between the control and the 50 µg/mL of the GNPs, with a slight increase in the β component, indicating a prevalence to clustered DNA damage [35]. Instead, the 500 µg/mL of the GNPs show an increase in both α (indicating more double strand DNA breaks) and β. The sensitization enhancement ratio (SER10) represents the dose enhancement produced by the GNPs from the ratio of the control dose to the GNP dose that produces 10% survival. Expectedly, the 500 µg/mL concentration produced the greatest dose enhancement of 1.43 (143%) compared to the 50 µg/mL of the GNPs with 1.13.



To further investigate the DNA damage produced by the GNPs during irradiation, a γ-H2AX assay was performed 15 min after irradiation with 2 Gy. Figure 5 shows confocal images acquired with a 488 nm argon laser to obtain γ-H2AX foci fluorescence. As the DNA damage is driven by secondary electron production, two beam energies were investigated: 120 kVp and 150 kVp, with mean energies of 49 keV and 67 keV, respectively (Figure 5d).



Compared to 2 Gy alone, the number of foci increased with 50 µg/mL and more so with 500 µg/mL of the GNPs. Overall, 500 µg/mL of the GNPs expectedly increased the number of foci with 150 kVp X-rays (Figure 5a,b). The average foci size using 500 µg/mL of the GNPs was also 7% larger than 50µg/mL with 150 kVp X-rays, indicating slightly more clustered radiation damage also.



However, more significant changes to foci density and size were obtained from the lower energy beam, with 15.7% more foci than 150 kVp for 500 µg/mL, and over 20% increase in the average foci area compared to 150 kVp. This indicates that the 125 kVp beam could produce more clustered DNA damage with 50 µg/mL or 500 µg/mL of the GNPs than the conventional 150 kVp case. Aside from higher LET secondary electrons, the 125 kVp spectrum also better targets the mass energy absorption coefficient ratio of gold to water, which has been discussed to produce greater dose enhancement [33,38]. This result will be further investigated in the future with clonogenic assay.




3.4. Preclinical Gliosarcoma Imaging with GNPs


After characterization of the GNP uptake in the 9LGS and useful concentrations identified for radiotherapy, both the uptake and retention of the GNPs were investigated within the 9LGS tumors in vivo. Figure 6 shows the CT imaging results following direct injection of 40 µg of the GNPs up to 48 h. Tumors were defined best at 4 h post injection, and there was a significant decrease in the GNP contrast from 6 h, indicating diffusion away from the tumor. However, after 6 h, the GNPs could be observed at similar concentrations (indicated by the tumor contrast) for 24 h, with a slight decrease at 48 h. The contrast was significant compared to the normal brain with an average contrast enhancement ratio of (1.43 ± 0.03). CT images of known GNP concentrations show that concentrations >500 µg/mL and >2.5 mg/mL are required to produce adequate contrast in the brain with 100 kVp and 120 kVp CT images, respectively. This indicates that for preclinical imaging of the 9LGS tumors with the GNPs, a lower energy is best suited to enhance the contrast, and a comparable concentration to that used in our radiotherapy study can be used for targeted cancer imaging or image-guided radiotherapy.



From the CT numbers obtained in the brain in Figure 6c, we measured the corresponding concentration of the GNPs for 4 h, 24 h, and 48 h timepoints in Figure 6d. There is a 2.7-fold drop in GNP concentration between 4 and 24 h that corresponds to a 1.9-fold decrease in image contrast. This indicates that the GNPs were most useful for image contrast in the range of 0.5–1 mg/mL, rather than at high GNP concentrations.



A total of 40 µg of the GNPs was injected into the tumor at 0 h, and by using the tumor volumes found with iodine contrast prior to GNP NP injection and at 48 h (see Supplementary Material, Figure S1), we calculated the expected GNP concentration in the tumor if no GNPs diffused from the tumor. Figure 6e indicates that there must be GNP diffusion from the tumor site as the calculated GNP concentration is higher than the measured concentration by 5.7 times. This is expected, and the GNPs are known to clear from the site over time and are excreted by the kidneys [20]. As the tumor volume increased, the GNP concentration (both calculated and measured) decreased in a similar trend, indicating that the GNPs that remained after the initial injection were likely to be retained as the tumor grew.



These results show that the GNPs are in adequate concentration for CT imaging contrast when >500 µg/mL up to 24 h, and from the previous Section 3.3, significant radiation dose enhancement can be achieved at same concentrations (500 µg/mL).





4. Discussion


This study explored AuroVistTM GNP size, optical detection methods, and assessed the uptake and distribution of the GNPs in gliosarcoma cells for use in radiation dose enhancement and CT imaging. The GNP size of 15 nm provided by the manufacturer was confirmed within error with SPR absorbance [24,25], and we obtained a hydrodynamic diameter of 40 nm, which agreed with previous work [20]. GNPs less than 100 nm have shown good uptake into cancer cells in vitro, but there is preferential uptake with GNPs of 50 nm diameter [14]. Despite our smaller size, we showed that 500 µg/mL of the 15 nm GNPs congregated closely around the 9LGS cell nucleus in lysosomes and aggregated into visible clusters > 90 µm after 24 h. While we could determine the location of the GNPs in cells, we could not determine the precise quantity using laser light scatter and confocal microscopy, particularly when the GNPs aggregates were smaller than the resolution of the microscope. In future, we may consider other methods such as electron microscopy, as was previously performed [14], to relate the light scatter to the quantity of the GNPs in the cells.



For use in radiation dose enhancement, 1.9 nm GNP size has been shown to be preferable over the 15 nm GNPs in vitro. Bobyk et al. [15] showed that 10 mg/mL of 1.9 nm produced a SER10 of 1.92 and only 1.40 for the 15 nm GNPs irradiated with 50 keV X-rays. Our results showed that a similar SER10 (1.43 with 150 kVp X-rays) can be obtained at a much lower GNP concentration of 500 µg/mL if incubated for 24 h in cells. We note the importance of GNP internalization into the cells, which is more likely with longer incubation times, for radiation dose enhancement. In fact, the internalization and distribution of the GNPs around the cell nuclear DNA (a target for radiotherapy) have been shown to increase the physical and biological dose enhancement with X-rays in previous work [38,39].



Adequate incubation time appears key to allow GNP incorporation in cells, but despite 24 h incubation, we did not observe significant dose enhancement for 50 µg/mL of the GNPs with a SER10 of 1.13. This differs from the SER10 obtained in our previous work on other nanoparticle materials at the same concentration [7,8,40]. This is because the 15 nm AuroVistTM GNPs remain in suspension longer than our previous nanomaterials. However, after 48 h the GNPs fell out of suspension for significant internalization in vitro (Figure 3e), similar to previously studied materials.



The GNP uptake in vitro differs in vivo, however, due to the many differences between cells configured in a monolayer and cells in three dimensions with vascular support. Bobyk et al. [15] showed that the 15 nm of GNPs was preferred for in vivo uptake for cancer radiotherapy, differing from their in vitro results indicating that 1.9 nm of the GNPs was optimum. We further observed that 48 h after injection showed the lowest GNP concentration in the 9LGS tumor in vivo, despite the opposite finding in the 9LGS cells in vitro. Instead, raw nanoparticle components or nanoparticles no longer in suspension tend to disperse quickly from tumor sites in vivo (within 30 min), as shown in our previous work [8].



In this work, we were further able to estimate the GNP concentration in the brain using CT imaging of the GNPs in solution and direct injection of the GNPs into the 9LGS brain tumors. The tumor size was verified with iodine contrast prior to GNP injection and at 48 h to determine the tumor volume and calculate the GNP concentration. We found that, despite an estimated 5.7 times drop in the expected concentration of the GNPs if all nanoparticles remained in the tumor, a concentration > 500 µg/mL was measured in the tumor up to 24 h post direct injection. This is promising for radiation dose enhancement as we obtained significant 9LGS radiosensitization at the same concentration (Figure 4). This indicates that the GNPs could be used for X-ray/CT imaging prior to radiotherapy treatment within 24 h, which is feasible for clinical use. In future, we hope to confirm this hypothesis with a preclinical study using X-ray radiotherapy and GNPs to treat 9LGS cancer cells. In the future, we will also investigate the efficacy of direct injection compared to intravenous injection and determine any uptake differences. In this work, we opted for direct injection to ensure that the precise quantity of the GNPs injected into the tumor was known for better GNP concentration estimation using CT. Finally, we hope to repeat our work on more brain cancer cell lines in vitro and in vivo, and on spontaneous cancers in vivo.



For future clinical use, we must also consider that the energy of clinical beams is in the megavoltage range, rather than the kilovoltage range studied here. We sought to optimize the beam energies used for X-ray imaging in the kilovoltage range to allow for image-guided radiotherapy, possibly using the same source. Beam energy is a key parameter that must be explored further for optimal GNP dose enhancement. We showed that the 125 kVp X-rays produced a greater number of γ-H2AX foci and had larger foci area compared to the 150 kVp X-rays. We attribute this to the optimal mass energy absorption ratio of gold to water, and the short range of electrons produced by the 49 keV mean energy compared to 67 keV, producing electrons that travel up to 40 µm and 80 µm in water, respectively [41]. We noted that the γ-H2AX assay produced a useful indication of the cell death observed with 150 kVp X-ray clonogenic results, however, the foci count could not be directly related to the survival or the SER10. The γ-H2AX assay shows short-term radiation effects only, and the DNA damage accumulated after 15 min can be repaired or secondary mechanisms indirectly cause more DNA damage over time,. We did note that the foci area increased relative to the control with the GNPs irradiated with the lower beam energy, indicating that there was more clustered DNA damage. This has not been observed in other γ-H2AX studies with 662 keV or megavoltage irradiation of the GNPs [42,43], and it is likely that alternative mechanisms such as mitochondrial damage, oxidative stress, and nanoparticle cytotoxicity play a role in GNP radiosensitization of cancer cells in their long-term survival.



Kilovoltage treatments, such as microbeam radiation therapy (MRT), could also be used for brain cancer treatment [44,45,46]. MRT is currently in the preclinical research phase and uses microscopic radiosurgical beams to destabilize tumor vasculature selectively [43,45]. Nanoparticles in MRT show promising dose enhancement capability and further improve the selectivity of the treatment toward cancer cells [39,46].



The invasive nature of gliosarcoma, low prognosis, and high-risk location in the body make development of effective treatments paramount. GNPs can provide image guidance and tumor-targeted dose enhancement for brain cancer treatment with external beam radiotherapy, acting as a boost to conventional treatment. However, better understanding distribution of GNPs in these tumors is required for clinical translation, and optimizations for efficient dose enhancement must be considered such as beam energy, GNP uptake, GNP size, and retention.




5. Conclusions


This work has demonstrated the potential of 15 nm GNPs for image-guided radiotherapy in the treatment of gliosarcoma cancers of the brain. The 15 nm GNP size was confirmed by SPR absorption, and the GNPs had a hydrodynamic diameter of (41.3 ± 0.3) nm. As a result, the GNPs were well-internalized into the 9LGS cells, particularly with a 500 µg/mL GNP concentration in the cell medium. We further showed that 500 µg/mL of the GNPs can produce significant radiation dose enhancement (SER10 of 1.43) in the 9LGS cells, and the same concentration or greater can be used to produce a greater image contrast in CT when compared to the surrounding brain tissue. We saw stable congregation of the GNPs at ~500 µg/mL for at least 24 h in the gliosarcoma tumors in vivo, in agreement with the uptake observed in vitro with the same concentration at 24 h. We found the GNPs to be biocompatible, with no toxic effects from the GNPs in vivo up to 48 h or after 3 weeks with clonogenic assay (survival of (100 ± 10)%). Our results are promising for further study of GNPs for image-guided radiotherapy, showing that radiation doses to tumors can be escalated by the GNPs for better cancer control at concentrations that allow X-ray visualization of the tumor. By identifying usable GNP concentrations, we further provide data to encourage clinical translation of GNPs for radiotherapy.
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Figure 1. Dynamic light scatter output of the Malvern Zetasizer system analysis of 1 mg/mL GNPs, including raw correlation data (a) and size distribution in solution (b). 
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Figure 2. Optimal absorbance of AuroVistTM GNPs at concentrations of 0.125–0.625 mg/mL in DPBS, measured with a SpectraMax plate reader. 
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Figure 3. Confocal microscopy images of 9LGS cells acquired with 63× oil objective lens without GNPS (a) incubated with 50 µg/mL (b) and with 500 µg/mL (c) GNPs. Images are projected over 16 µm (42 slices in 0.38 µm steps) and the brightfield and 488 nm laser illuminated channels are overlayed. A summary of the estimated quantity of GNPs from the confocal images is shown for each GNP concentration (n = 15) (d). GNP uptake was also investigated with FACS (10,000 events, n = 3) using 50 µg/mL of GNPs incubated with 9LGS cells for 24 h and 48 h (e). 
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Figure 4. Clonogenic assay survival data following irradiation of 9LGS cells with and without GNPs in concentrations of 50 µg/mL and 500 µg/mL (also shown in [13]). Survival curves are fitted with the linear quadratic model equation [34]. 
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Figure 5. DNA damage quantification using γ-H2AX confocal imaging following 2 Gy irradiation of 9LGS with GNPs (0–500 µg/mL) using 125 kVp and 150 kVp X-rays. A projection of γ-H2AX foci produced by the 150 kVp X-rays is shown overlayed with brightfield (a), including an insert of the 488 nm channel in one slice for three cells in each group. Confocal images were obtained 61–74 individual cells over four sets to obtain the average number (b) and area (c) of the foci of each treatment. The mass energy absorption coefficient ratio of gold to water [36] is compared with the 125 kVp and 150 kVp spectra generated with SpekCalc [37], (d). 
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