

  Enhanced Radiation Therapy of Gold Nanoparticles in Liver Cancer




Enhanced Radiation Therapy of Gold Nanoparticles in Liver Cancer







Appl. Sci. 2017, 7(3), 232; doi:10.3390/app7030232




Article



Enhanced Radiation Therapy of Gold Nanoparticles in Liver Cancer



Meili Guo 1, Yuanming Sun 2,* and Xiao-Dong Zhang 2,3,*





1



Department of Physics, School of Science, Tianjin Chengjian University, Tianjin 300384, China






2



Tianjin Key Laboratory of Molecular Nuclear Medicine, Institute of Radiation Medicine, Chinese Academy of Medical Sciences and Peking Union Medical College, Tianjin 300192, China






3



Department of Physics and Tianjin Key Laboratory of Low Dimensional Materials Physics and Preparing Technology, Institute of Advanced Materials Physics, School of Science, Tianjin University, Tianjin 300350, China









*



Correspondence: Tel.: +86-22-8568-3045 (Y.S.); +86-22-27404118(X.-D.Z.)







Academic Editor: Daniel X.B. Chen



Received: 15 December 2016 / Accepted: 22 February 2017 / Published: 1 March 2017



Abstract:



Gold nanoparticles (GNPs) were widely used in X-ray imaging and radiation therapy due to strong photoelectric effects and secondary electrons under high energy irradiation. As liver cancer is one of the most common forms of cancer, the use of GNPs could enhance liver cancer radiotherapy. We synthesized polyethylene glycol (PEG)-coated GNPs of two different sizes by chemical reduction reaction. Blood stability, cellular uptake, cytotoxicity and radiation therapy were investigated. A 3–5 nm red shift of SPR caused by interactions between PEG-coated GNPs and plasma indicated their good stability. Cellular uptake assay showed that PEG-coated GNPs would enhance an appreciable uptake. GNPs preferred to combine with blood proteins, and thus induced the formation of 30–50 nm Au-protein corona. GNPs were endocytosed by cytoplasmic vesicles, localized in intracellular region, and presented concentration dependent cell viability. Clonogenic assay illustrated that the PEG-coated GNPs could sensitize two liver cancer cell lines to irradiation.
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1. Introduction


Nanomaterials and nanotechnology have attracted wide attention in biomedicine [1,2,3,4,5,6]. Owing to their unique optical and electric properties, gold nanoparticles (GNPs) have been wildly used in diverse research areas in recent years [7,8,9,10]. Their advantages in size-dependent surface plasmon resonance (SPR), strong X-ray absorption, and easy-surface functionalization make GNPs particularly useful in biosensors, radiation therapy and photothermal therapy [11,12,13,14,15,16,17,18]. GNPs have a great compatibility with biological macromolecules (e.g., amino acids, proteins, and DNA), making them suitable and stable during drug delivery and cancer cell imaging [18,19,20]. In particular, high X-ray absorption of GNPs makes them applicable to cancer radiation therapy [21].



Cancer radiation therapy is closely related to the capability of cellular uptake of GNPs, which can be determined by its surface chemistry and particle size [22,23,24,25,26]. Bare GNPs are known to be unstable and they tend to aggregate in blood due to high Zeta potential [27]. A surface stabilized coating has been demonstrated to improve the stability of GNPs in blood and induce a higher cellular uptake [28,29,30]. For example, bare GNPS reportedly formed 150 nm particles that were absorbed by macropinocytosis [31]. In contrast, polyethylene glycol (PEG)-coated GNPs were relatively stable and they were absorbed by endocytosis [32,33]. However, 3.5 nm GNPs containing lysine or poly(L-lysine) were reported to be biocompatible and had no nonimmunogenic effects [34,35], while GNPs coated with hexadecyl-trimethyl-ammonium bromide were not biocompatible [36]. Besides, the size of GNPs also played an important role in the process of cellular uptake. For instance, 50 nm bare GNPs were found to have highest capability of cellular uptake [37,38,39], however PEG-coated GNPs of 10~30 nm exhibited a higher inducible effect in uptake [40,41,42,43,44,45].



Liver cancer (also named as hepatocellular carcinoma) is a common cancer [46] but with a very high fatality rate, almost all patients are dead within a year. The reason of high mortal rate was attributable to hepatitis virus infection. It was reported that about three quarters of patients suffering from liver cancer were found in Southeast Asia including China, Hong Kong, Taiwan, Korea and Japan. Unfortunately, the number of diagnosed patients in the whole world was increasing dramatically, and it will continue to go up over the next few decades. However, liver cancer cells were not sensitive to radiation, and no effective radio-sensitizer has yet been developed for therapeutic treatment. Thus it is really critical to develop an effective and safe method for hepatocellular carcinoma radiation therapy.



In previous work, we investigated the in vivo toxicity and biological applications of GNPs and MoS2 dots in detail [6,30,47,48,49,50,51]. In this study, we will present the therapeutic effect of PEG-coated GNPs using human hepG2 and mouse H22 hepatocellular carcinoma cell line. We found that GNPs had a tendency to aggregate after adding a high concentration of salts and certain biological molecules including nucleic acids and some proteins. Stability of bio-conjugates of GNPs in aqueous solutions is a critical issue in bio-applications. In our study, we found PEG-SH modified GNPs to be more stable compared to other thiol-compounds in aqueous solutions (e.g., cysteine and homocysteine) [52]. We assessed the stability of GNPs in plasma, cellular uptake and their intracellular distribution, cytotoxicity, and radiation therapeutic effect under radiation by 137Cs at doses of 0–4 Gy in two different cell lines. It was illustrated that modifying the surface coating of nanoparticles could achieve low cytotoxicity and high radio-sensitization effect in liver cancer therapy.




2. Materials and Methods


2.1. Fabrication of PEG-Coated GNPs


PEG-coated GNPs of 14.4 and 30.5 nm diameter were used in this study. The particles were fabricated as described by Turkevich [53]. Briefly, 10 mg of HAuCl4·4H2O was dissolved in 100 mL of water and then boiled. After adding 1.3 and 5 mL of 1% sodium citrate solution as a reducing agent, the mixture was boiled for a further 30 min before being allowed to cool to room temperature. Average diameter of GNPs was determined to be 14.4 and 30.5 nm. The prepared GNPs were negatively charged due to the anionic citric acid bound to the surface of GNPs.



To obtain PEG-coated GNPs, 1 mg PEG-SH (Sigma, St. Louis, MO, USA) was added to the solution prepared above and stirred for 1 h. After PEGylation, the solution was centrifuged at 16,000 rpm for 30 min and washed twice using distilled water. Then the PEG-coated GNP solution was stored at 4 °C. Prior to use, the PEG-coated GNP solution was filtered through a 0.22-μm membrane filter.



The morphology, structure and size of GNPs were analyzed by transmission electron microscopy (TEM; Hitachi HF-2000, Hitachi, Tokyo, Japan) at 200 kV. The particles were also characterized by ultraviolet-visible (UV-Vis) spectroscopy (UV-1750. Shimadzu, Kyoto, Japan) to detect the optical absorption from 400 to 700 nm. The slit width of the measurement was 1 nm.




2.2. Blood Plasma Stability Study


Equal volume of a diluted human plasma and PEG-coated GNPs (200 μg/mL) in 14.4 nm or 30.5 nm was mixed together and incubated at 37 °C for 0, 0.5, 1, 2, 6, 12 and 24 h. After incubation, the plasma treated PEG-coated GNPs were studied using UV-Vis spectroscopy to detect the optical absorption from 400 to 700 nm. The slit width of the measurement was 1 nm.




2.3. Cell Culture and Cytotoxicity Assay


Mouse H22 hepatoma cell line and human liver cancer cell line HepG2 were used in all cell culture experiments. These two cell lines were cultured in RPMI-1640 (HyClone) medium supplemented with 10% fetal bovine serum (FBS; Hangzhou Sijiqing, Hangzhou, China), 45 IU/mL streptomycin-penicillin. All cells were maintained at 37 °C in a 5% CO2 incubator and replenished with fresh medium every 3 days. Cells from passages six to eight were suitable for experiments.



A cell Titer-Glo luminescent cell viability assay, which quantifies metabolically active cells, was performed to determine cytotoxicity of PEG-coated GNPs in two cell lines. Briefly, cells were seeded at an initial density of 3000 cells/100 μL per well in a 96-well plate. After an overnight growth, the cells were replenished with fresh medium and treated with PEG-coated GNPs at different concentrations (0, 12.5, 25, 50, 100, and 200 μg/mL, Au atom concentration), then incubated for 24 h and 48 h. After replenishing with freshly prepared RPMI-1640 medium (100 µL), equal volume of CellTiter-Glo Reagent was added to each well. The solution was mixed on an orbital shaker for 2 min lyses before it was incubated at room temperature in order to obtain stable detection signals. Luminescent signal was measured (Infinite 200. Tecan, Lausanne, Switzerland). Triplicate measurements were obtained for each dosage.




2.4. Cellular Morphology with TEM


In all TEM experiments, HepG2 and H22 cells were each seeded in 6 wells, and cultured for 12 h. These cells were replenished with a medium containing PEG-coated GNPs at a final concentration of 25 μg/mL (Au atom concentration) and incubated at 37 °C with 5% CO2. After 24 h, cells treated with nanoparticles were trypsinized (HepG2), centrifuged, washed twice with phosphate buffered saline, and collected on copper grids, then analyzed using a field emission high-resolution TEM (Hitachi HF-2000, Hitachi, Tokyo, Japan) at 200 kV.




2.5. Clonogenic Cell Survival Measurement


H22 cells were treated with PEG-GNPs of 14.4 or 30.5 nm diameter at the desired concentration (25 μg/mL, Au atom concentration). After 24 h, these cells were irradiated by 137Cs at the following doses: 0, 1, 2 and 4 Gy, then the culture medium was replaced with fresh one containing 10% FBS. H22 cells were suspended in 0.3% agar and then plated over underlay of 2.0% agar. The medium used in the assay was RPMI-1640 (HyClone) with 10% FBS, penicillin and streptomycin at the concentration of 45 IU/mL. Colonies were counted at day 7.



HepG2 cells were seeded in 6-well and grown for 12 h. PEG-coated GNPs of 14.4 or 30.5 nm diameter in the colloid solution were added to a final concentration of 25 μg/mL (Au atom concentration) and incubated for a further 24 h. Cells were irradiated by 137Cs, the irradiated doses were 0, 1, 2 and 4 Gy. After gamma irradiation, the medium containing colloidal nanoparticles were replenished with freshly prepared medium, and culture media were changed every 3 days. After a two-week incubation, cells were rinsed with phosphate buffered saline containing 2 mL ethanol and stained by crystal violet. Plates were kept in air until dry, then colonies were counted. Each condition was performed in triplicate.




2.6. Statistical Analysis


Data were presented as mean ± standard deviation (SD), unless otherwise specified. A PASW 18.0 software package (SPSS) (IBM, Chicago, IL, USA, 2009 was used in a one-way ANOVA and Student’s t-test. Difference less than 0.05 (p < 0.05) were considered statistically significant.





3. Results and Discussion


3.1. Synthesis and Characterization


Figure 1 shows the UV-Vis spectra of PEG-coated GNPs and GNPs alone. PEG-coated GNPs were obtained through mixing PEG-SH with GNPs and stabilized by sodium citrate. Characteristic SPR of GNPs is shown. Size distribution, aggregation, and surface modified of the particles are indicated through peak position and width [54]. Compared spectrum between GNPs and PEG-coated GNPs, a slight red shift was observed in the SPR band maxima in modified GNPs group.


Figure 1. The optical absorption of polyethylene glycol (PEG)-coated gold nanoparticles (GNPs).
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PEG-SH contains SH- terminal that can easily form coating through Au-S interaction. The terminal of PEG-SH with a strong hydrophilicity can enhance water-soluble capability of GNPs. The narrow width at half height (~43 nm) indicated that PEG-coated GNPs had a good uniformity. When the concentration of PEG-SH bounded with surface of nanoparticles was low, it made chains of PEG-SH too far to interact with each other, thus the chains formed a “mushroom” configuration through bending and coiling. In contrast, when PEG-SH had a high concentration, the chains were tightly packed and fully extended in solution to form a “brush” structure [55]. In this study we added a concentration close to the saturation ratio (10:1) to increase the likelihood for obtaining a “brush” configuration, and then a certain thickness of PEG layer formed in the GNPs’ surface, which increased dispersion and biocompatibility of the particles.



Figure 2 displays the transmission electron micrographs and size distribution of GNPs. Using these transmission electron micrographs, an average diameter of ~14.4 nm was measured for the smaller sized spherical particles and ~30.5 nm for the larger particles. The size distribution was found generally to be <20% of the standard deviation. PEG-coated GNPs were used in all the following experiments.


Figure 2. (a,c) Transmission electron microscopy (TEM) images of 14.4 and 30.5 nm GNPs; (b,d) corresponding distribution of 14.4 and 30.5 nm GNPs.



[image: Applsci 07 00232 g002]







3.2. Blood Plasma Stability


To determine stability of GNPs in the solution containing serum and address how culture medium might influence particle aggregation, we treated plasma with PEG-coated GNPs. Figure 3a shows the time-dependent optical absorption spectrum of 14.4 and 30.5 nm PEG-coated GNPs incubated in plasma. A red shift in the absorption peak was observed in the two different sized PEG-coated GNPs due to slight aggregation of particles bound to a range of proteins. The peak was related to the structure and optical properties of nanoparticles, indicating that nanoparticles combined with the plasma proteins to form large compounds during this period. Figure 3b also shows that the intensity of absorption peak was significantly reduced as time increased, but red shift of SPR and change of half peak width were slight. All of these data indicated a higher number of protein immobilised nanoparticles would reduce the absorption intensity.


Figure 3. Time-dependent surface plasmon resonance (SPR) peak (a) and intensity (b) of 14.4 and 30.5 nm PEG-coated GNPs on blood plasma.
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Stability of nanoparticles in biomedical applications depends on particle bio-distribution and clearance in the body. They are related to many features of the particles themselves, including size and particle surface charge valence. Blood protein coated nanoparticles played an important role in toxicity [56,57]. The characteristics of these proteins, which form a parcel layer, may affect the biological response of nanoparticles, including the impact on the uptake and accumulation in the organs [49].




3.3. Distribution of PEG-Coated GNPs in Cells


Surface modification of the GNPs is expected to affect endocytosis and cellular transportation of GNPs in cells. Representative transmission electron micrographs of intracellular uptake of PEG-coated GNPs of 14.4 nm and 30.5 nm diameter by HepG2 and H22 cells during a 24 h treatment are shown in Figure 4. These micrographs gave a microscopic insight of the distribution of nanoparticles. The figure showed that PEG-coated GNPs were distributed in the cytoplasm and observed in the intracellular region. We further found a cellular uptake of 103 nanoparticles per cell in HepG2 and H22 cells, as shown in Figure 5. Moreover, there was a 66% cellular uptake for the 30.4 nm and 62% for 14.4 nm GNPs in HepG2 cell, respectively. These findings are consistent with recent reports that 30 nm PEG-coated GNPs presented higher potential of cellular uptake [18,23,32,58,59]. The transmission electron micrographs obtained for PEG-coated GNPs in H22 and HepG2 cell line are shown in Figure 6a,b, respectively. The particles were wrapped in structure similar to vesicles. In the transmission electron micrographs, the nanoparticles with size of ~15 nm and 30–50 nm was observed, most likely because of the formation of a large size corona following the interaction between GNPs and proteins, as illustrated by the schematic in Figure 6c. This observation is in good agreement with that of blood plasma stability in Figure 3.


Figure 4. In vitro bio-distribution and TEM images of 14.4 and 30.5 nm PEG-coated GNPs in H22 (a,c) and HepG2 (b,d) cell.
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Figure 5. Cellular uptake of 14.4 and 30.5 nm PEG-coated GNPs in H22 and HepG2 cells.
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Figure 6. Direct observation of Au-protein corona aggregator by TEM imaging in H22 (a); HepG2 cells (b); and blood dynamic (c) of GNPs in physiological environment.
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We added PEG-coated GNPs to cells and studied their response by TEM. The charges on the surface of GNPs changed from negative to positive because of PEG-SH modifying, which made them easily interact with cells that carried negative charges on the surface, and enhanced the binding between nanoparticles and cells. When nanoparticles carrying positive charges were added to cells, they were electrostatically attracted to the membrane surface carrying negative charges. Endocytosis played a critical role in the interaction of nanoparticles with cells. GNPs modified with different agents would play different roles in endocytosis [60].




3.4. Cytotoxicity of PEG-Coated GNPs


To assess cytotoxicity of nanoparticles, we performed a CellTiter-Glo luminescent cell viability assay, which quantitatively measures the concentration of ATP that is related to the number of metabolically active cells in a culture. The amount of ATP was positively correlated to cells present in culture. Figure 7 shows the results of cytotoxicity in H22 and HepG2 cells after 24 h treatment with PEG-coated GNPs of 14.4 nm or 30.5 nm at various concentrations (0–200 µg/mL, Au atom concentration). The 14.4 nm particles showed 58% cell viability values that higher than 42% of 30.5 nm particles in HepG2 cells after 24 h at the dose of 100 µg/mL. Viability of H22 cells exposed to control group decreased by 15% after being treated with 12.5 µg/mL GNPs, and 75% after being treated with 200 µg/mL. Cell viability of HepG2 cells was 95% and 100% when treated with 12.5 µg/mL 14.4 nm and 30.5 nm GNPs, respectively, and decreased to 27% and 22% respectively at the highest concentration of 200 µg/mL, indicating that the toxicity would increase when the concentration went up to a higher value.


Figure 7. Concentration dependent toxicity in vitro H22 (a) and HepG2 cells (b) treated with 14.4 or 30.5 nm PEG-coated GNPs after 24 h.
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In the cell viability assay, both PEG-coated GNPs of 14.4 nm and 30.5 nm diameter showed anti-proliferative effects in a concentration dependent manner, and PEG-coated GNPs of 14.4 nm was in general significantly (p < 0.05) less toxic to the cells than 30.5 nm. In addition, 25 µg/mL of PEG-coated GNPs of 14.4 nm or 30.5 nm became slightly more toxicy after 24 h in culture (Figure 7). These results were consistent with the phenomenon of particles distribution in Figure 4. Moreover, PEG-coated GNPs of 30.5 nm were about 10%–20% more abundant than those of 14.4 nm in the cytoplasm, which could have an influence on cell viability. These two GNPs were used for the radio-sensitization experiments in H22 and HepG2 cells to evaluate their ability in sensitizing the cells to radiation.




3.5. Enhanced Radiotherapy


A clonogenic cell survival assay was used to determine the radio-sensitization effect between the two nanoparticles in H22 and HepG2 cells, and the results are shown in Figure 8a,b, respectively. After treated with or without PEG-coated GNPs for 24 h, both cell lines were radiated under 0, 1, 2, and 4 Gy by 137Cs. Under 1 Gy of the radiation, the survival fraction of control group, the 14.4 nm group, and the 30.5 nm group was 95.00%, 49.46% and 76.61% in H22 cells respectively; while in HepG2 cells was 90%, 49.92% and 50.25% respectively. When exposed to 2 Gy, the survival fraction of control group, 14.4 nm group, and 30.5 nm group were 47.98%, 31.42% and 33.58% in H22 cells respectively; and 56.96%, 28.04% and 33.75% in HepG2 cells respectively. In previous work, the sensitizer enhancement ratios were 1.16–1.66, which depended on the particles size, cellar line, surface coating and radiation energy (Table 1). In our work, sensitizer enhancement ratios were about 1.2–1.3 according to previous calculation methods [18]. These data illustrated that no matter whether they were radiated alone or radiated and treated with nanoparticles, the cell colony formation rates were low, indicating that the nanoparticles and radiation can inhibit tumor cell proliferation.


Figure 8. Cloning formations in H22 (a) and HepG2 cells (b) after treated with 0.05 mM 14.4 or 30.5 nm PEG-coated GNPs.
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Table 1. Summary of the enhanced cancer radiation of gold nanoparticles.







	
Materials

	
Size

	
Surface

	
Cell

	
Sensitizer Enhancement Ratios






	
Gold NPs

	
nm

	
Bare

	
MDA-MB-231

	
1.16–1.41 [61]




	
Gold NPs

	
14 nm, 74 nm

	
Bare

	
Hela

	
1.17–1.66 [62]




	
Gold NPs

	
4.8 nm, 46.6 nm

	
PEG

	
HeLa

	
1.41 [18]




	
Gold NPs

	
1.9 nm

	
Bare

	
MDA-MB-231

	
1.18, 1.24 [63]




	
Au clusters

	
2.1 nm

	
GSH

	
Hela

	
1.21, 1.3 [28]




	
Gold NPs

	
14.4 nm, 30.5 nm

	
PEG

	
H22, HepG2

	
1.2–1.3 (This work)










Figure 8 showed how PEG-coated GNPs affected cell survival fraction under different radiation doses. Enhanced effect of nanoparticles modified with PEG-SH was observed on inhibition of the cell viability by radiation. Under identical concentration of PEG-coated GNPs, cells showed decreased survival percentages when radiation doses increased.





4. Conclusions


In this study, we studied the radiation enhancement effects in liver cancer cell lines by using 14.4 and 30.5 nm PEG-coated GNPs. Our results showed that PEG-coated GNPs were stable in blood. The in vitro bio-distribution assay showed PEG-coated GNPs had higher distribution in cancer cells, about 103 NPs were found in one cell. TEM direct observation illustrated that PEG-coated GNPs hybridized with blood proteins and formed a 30–50 nm Au-protein corona. Further, these GNPs were of low toxicity at the concentration of 10−4 M. In vitro radiation treatment showed GNPs significantly enhanced the irradiation effect and decreased the survival of two types of liver cancer cells. Thus, PEG-coated GNPs can be considered as a potential agent in liver cancer radiation therapy.
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