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Abstract. 
Nanoparticles (NPs) have been introduced as a suitable alternative in many in vivo bioapplications. The risks of utilizing nanoparticles continue to be an ongoing research. Furthermore, the various chemicals used in their synthesis influence the cytotoxic effects of nanoparticles. We have investigated the cytotoxicity of Porous Hollow Au Nanoparticles (PHAuNPs) on cancer cell lines PC-3, PC-3ML, and MDA-MB-231 and the normal cell line PNT1A. Cell proliferation for the different cells in the presence of different concentrations of the PHAuNPs was assessed after 24 hours and 72 hours of incubation using MTT assay. The study also included the cytotoxic evaluation of pegylated PHAuNPs. Identical cell seeding densities, particle concentrations, and incubation times were employed for these two types of Au nanoparticles. Our results indicated that (1) impact on cell proliferation was concentration dependent and was different for the different cell types without cellular necrosis and (b) cellular proliferation might be impacted more based on the cell line.
 

1. Introduction
Nanoparticles (NPs) exhibit unique properties compared to their constituent bulk materials. These include quantum confinement in semiconductor particles, surface plasmon resonance [1–8] in metal particles, and superparamagnetism in magnetic particles. Such unique properties allow the use of nanoparticles in a wide variety of applications. Nanoparticles such as fullerenes, liquid crystals, liposomes, Au nanoparticles, and quantum dots have been demonstrated in biomedical applications [5, 6], chemotherapy [7, 8], drug delivery [8–11], imaging [11] and cosmetics [12–14]. Gold nanoparticles (AuNPs) have been subjects of intensive research in the last decade. In vivo applications of AuNPs include photothermal ablation treatment and optical imaging. Imaging utilizes the surface plasmon resonance (SPR) effect of AuNPs, a strong enhancement of absorption, and scattering of light in resonant with the SPR frequency. AuNPs possess two additional important merits for in vivo applications: (1) they are generally considered as biocompatible; (2) they can be easily functionalized with well-established thiol-Au linkage. However, the SPR wavelength for solid AuNPs lies around 520 nm, which excludes their in vivo applications since this wavelength is strongly absorbed by tissues and blood. In the last decade, several engineered Au nanoparticles such as nanoshells and nanocages have been developed to tune SPR wavelength of these nanoparticles to near-infrared region that is commonly regarded as a “clear window” for deep tissue penetration of light. Among these nanoparticles, Au nanoshells [15–23] consisting of Au shell and a dielectric silica core have been explored for bioimaging and therapy applications. Wang et al. [24] evaluated the use of gold nanoshells for real-time detection of biomolecular interactions in diluted blood. Low et al. [25] have studied nanoshell-enhanced optical coherence tomography (OCT). Raman spectroscopy using Au nanoparticle-based contrast agents shows tremendous practical applications in biomedical imaging [26]. Jensen et al. [27] have demonstrated the use of gold nanoshells functionalized with a pH-sensitive Surface Enhanced Raman Spectroscopy (SERS) reporter molecule responsive to the pH in the range of 3 to 7. Keren et al. [28] showed SERS imaging using nanoshells. Another exciting application of Au nanoparticles is photothermal therapy; gold nanoparticles can be used to destruct bacteria and cancer cells by photothermal ablation [29–37]. It has been shown that localized heating and irreversible damage to tissue can occur in tumors treated with gold nanoshells [38–40]. Recently, Huang et al. [41, 42] demonstrated the PHAuNps having a sub-20 nm porous shell with a 50 nm hollow core. A simple, surfactant-free process, termed as the “bubble template synthesis” method, has been developed and employed to synthesize those PHAuNPs. The unique morphology of the PHAuNPs allows strong absorbance and scattering of light in near-infrared wavelength due to the SPR effect. They have also demonstrated the attachment of Raman dyes to pegylated PHAuNPs to form “Raman nanotags,” aiming for in vivo SERS cancer biomarker detection. The previous study included the cytotoxicity of the Raman nanotags using [3H]thymidine incorporation method. In this work, we present the cytotoxicity study (24 and 72 hours) of different concentrations of bare and pegylated PHAuNPs  on normal prostate epithelium (PNT1A), prostate cancer (PC-3), lung-metastasized prostate (PC-3ML) cancer, and human breast carcinoma (MDA-MB-231) cell lines using the standard MTT assay.
2. Materials and Methods
2.1. Nanoparticles
Porous Hollow Au Nanoparticles (PHAuNPs) were synthesized using the bubble template synthesis method detailed in the literature [43, 44]. Briefly, PHAuNPs were synthesized inside a three-electrode electrodeposition cell using Ag/AgCl electrode in NaCl (3 M) solution acting as reference electrode with a platinum mesh counter electrode. Two anodic alumina filtration membranes having a pore diameter of 300 nm and thickness of 60 μm were stacked and used to collect electrochemically generated hydrogen nanobubbles. The hydrogen nanobubbles were formed on the inner walls of the pores. The high concentration of hydrogen molecules at the bubble boundary reduced the Au+ complex ion into metal Au to form Au clusters. These clusters in turn act as a catalyst that triggers an autocatalytical disproportionation reaction to form a gold shell around the hydrogen bubble. Metal Au evolved from clusters and particles to porous networks to form PHAuNPs when short reaction times of less than 10 minutes were allowed. In the case of the pegylated PHAuNPs, the nanoparticles were released by the dissolution of the alumina membrane using 2 M NaOH solution. The nanoparticles were cleaned by repeated dispersion in deionized water and centrifugation. The PHAuNPs were pegylated with 200 μM SH-mPEG (MW 5 kDa) by an overnight stirring at 40°C. The SEM and TEM images of the nanoparticles are shown in Figure 1.



(a)



(b)
Figure 1: The SEM (a) and TEM (b) images of the PHAuNPs were used to determine the sizes of the particles. It was found that the particle sizes were consistent at 150 nm ± 10%.


The extinction spectra for the bare and pegylated PHAuNPs are shown in Figure 2. There is a blue shift for the pegylated particles. Also, the spectrum for the bare particles is broader. These may result from the possible aggregation of the bare particles. It is known that aggregation leads to a broader, red-shifted spectrum. It was also observed that while the colloidal suspension of the bare nanoparticles remained stable for up to a week with minimal aggregation, the pegylated PHAuNPs were stable for over four weeks without any visible aggregation.


	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
		


	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	

Figure 2: The extinction spectra of bare and pegylated PHAuNPs indicating a blue shift.


The particle concentration of the suspension is determined by dissolving PHAuNPs into solution using Aqua Regia followed by inductively coupled plasma mass spectroscopy (ICP-Mass) measurement of the total amount of gold ions in the solution. The weight of the total Au obtained from the ICP-Mass and the particle size from SEM and TEM were used to calculate the number of particles in the suspension. Using the outer radii of the nanoparticles and an approximation of the inner radii, the molar concentration of one PHAuNP was calculated to be 
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 µmol. Thus, the number of nanoparticles in 1 µM solution was nearly 
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/mL.
2.2. Tissue Culture
Prostate cancer cell line (PC-3) and human breast carcinoma cell line (MDA-MB-231) were obtained from American Type Culture Collection (ATCC, Manassas, VA). Lung-metastasized prostate cancer cells (PC-3ML) were obtained from UTSW Medical Center (Dr. J. T. Hsieh, Department of Urology). Normal prostate epithelium cell line (PNT1A) was obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). The cells were cultured in the culture media RPMI 1640 (Lonza, Walkersville, MD, USA) supplemented with 5% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin under 5% CO2 atmosphere at 37°C.
2.3. MTT Assay for PHAuNPs Effect on Cellular Proliferation
The cells in exponential growing condition were trypsinized, hemocytometer-counted, and resuspended in growth media and seeded in 96-well plates at 
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 per 80 µL per well. The cells were incubated under standard tissue culture conditions for 24 hours before PHAuNPs treatment. The bare and pegylated PHAuNPs fabricated as mentioned above were sterilized and prepared for use in the experiment. Briefly, the particles were centrifuged and pelleted at 13,200 ×g for 5 minutes at room temperature, and re-suspended in 2 mL of 70% ethyl alcohol. This process was repeated twice. The particles were then re-suspended in growth media with vigorous vortex and sonication. The sterilized PHAuNP suspension was diluted to 4, 20, 100, or 500 μM. Upon treatment, 20 µL of the corresponding suspension was added to the designated cell containing wells to achieve final concentration of PHAuNPs at 0.8, 4, 20, or 100 μM. Twenty microliters of media without PHAuNPs was also added to separate wells (with cells) as assay control (i.e., 0 µM). Wells with 100 µL growth media, but without cells, were included as MTT assay background controls. Each treatment was in triplicates. The treated plates were then incubated for 24-hour period or 72-hour period before being subjected to MTT assay procedures.  The prepared PHAuNP suspensions were also incubated on Luria-Bertani (LB) agar plates confirming that the PHAuNPs used in the experiments were free of bacterial or fungal contamination (data not shown).
MTT based cell growth determination kit (Sigma-Aldrich, St. Louis, MO, USA) was used to assess the cellular proliferation potential after treatment of PHAuNPs. In brief, 10 µL of MTT solution (10% by volume of cell culture) was added to each well with 4 hours of incubation at 37˚C. One hundred microliters of the MTT solvent (equal to original culture volume) was added to the wells with additional incubation for 1 hour. The contents of each well of the 96-well plate were transferred to eppendorf tubes and subjected to centrifugation at 13,200 ×g for 10 minutes. One hundred microliters of the supernatant from each tube was carefully transferred to corresponding wells of a fresh 96-well plate and spectrophotometric (at wavelength of 570 nm with background at 690 nm) readings were taken using Infinite 200 (Tecan Group AG, Switzerland). The results were expressed as the mean of the triplicated repeats after subtraction of the assay background. The proliferation potential of each treatment was compared after normalization to nontreated control to determine the effect of nanoparticles on cell growth.
3. Results and Discussion
In this study, we analyzed PHAuNPs’ effects on cellular proliferation using PNT1A, PC-3, PC-3ML, and MB-MDA-231 cell lines. After 24 hours or 72 hours of nanoparticle treatment, gross microscopic observation results indicated that there was no apparent cellular necrosis on all four cell lines compared to that of the non-treated controls.  This suggests that the PHAuNPs may not have immediate cytotoxicity effects. Figure 3 shows a comparison between non-treated and treated PNT1A cells. In addition, it can be seen that the particles appear to have aggregated around the cells and on the plate substrate.


	
		
			
		
	



	
	
	


	
		
			
		
	



	
	
	


	
		
			
		
	


	
	
	


	
		
			
			
		
		
			
		
		
			
		
	

Figure 3: PNT1A cells (a) without PhAuNPs at 100x magnification and (b) with 4 µM bare PHAuNPs at 100x magnification and (c) shows the distribution of the PHAuNPs in aggregation on the substrate and cells at 200x magnification.


The MTT results of the impact of PHAuNPs at different concentrations on proliferation potential of PNT1A cells, an immortalized normal human prostate epithelium, are illustrated in Figure 4. At higher concentrations (i.e., 4 µM, 20 µM, or 100 µM), 24 hours treatment of pegylated PHAuNPs appears to significantly enhance PNT1A cells’ proliferation potential compared to the non-treated counterpart. However, 0.8 µM of pegylated PHAuNPs does not show any significant effect. Interestingly, the proliferation enhancement peaks at nearly 80% over the control by treatment with 4 µM pegylated PHAuNPs and gradually decreases with the increase in nanoparticle concentration. On the other hand, the bare PHAuNPs exhibit an inhibitory effect on PNT1A cells’ proliferation at 24 hours in a concentration dependent manner with a significant difference observed at 100 µM (more than 20% reduction of proliferation potential), suggesting that the coating of the PHAuNPs may play an important role in their interaction with the cells. Our results from extended treatment for 72 hours also indicated that both bare and pegylated PHAuNPs show a similar inhibitory effect on PNT1A cells (Figure 4). Furthermore, the inhibitory effect appears to be concentration dependent, as was seen in the case of the 24-hour bare PHAuNPs treatment.


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		


	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	

Figure 4: PNT1A cell proliferation after treatment with bare and pegylated PHAuNPs for 24 and 72 hours. All the values depicted have been normalized to the non treated control (0 µM). After 72 hours of treatment, there was a significant decrease in the proliferation of cells treated with 100 μM bare nanoparticles. The horizontal bars indicate that there is a significant difference at 
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The response of PC-3, prostate cancer cell line, to the PHAuNPs is depicted in Figure 5. MTT results indicated that PHAuNPs treatment clearly produced an inhibitory effect on PC-3 proliferation. At 100 µM of PHAuNPs, the inhibition is almost as high as 40% compared to the growth potential in the controls. This growth inhibition effect appears to be PHAuNPs concentration dependent. Interestingly, similar inhibitory patterns were observed from both bare and pegylated PHAuNPs treatment suggesting that the modification of PHAuNPs surface may not promote their interaction with PC-3 cells. Furthermore, no difference was observed either at 24 hours or at 72 hours suggesting that the response in PC-3 was immediate and sustainable.







































	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
	
	
	

Figure 5: Proliferation of PC-3 after treatment with bare and pegylated PHAuNPs indicating inhibitory effect at 100 μM after 72 hours in both cases.


Interestingly, PHAuNPs exhibit an enhancement in cell proliferation within 24 hours on PC-3ML cell line, a derivative of PC-3 cells with a higher metastatic potential, compared to the untreated counterparts as shown in Figure 6. This enhancement is inversely related to the PHAuNPs concentration, and it is more pronounced at 24 hours than at 72 hours. In addition, unlike in PNT1A cells, the bare PHAuNPs appear to be more potent than the pegylated ones. These results suggest that the impact of PHAuNPs on cellular proliferation might not be directly linked to cell/tissue origin but is more cell line dependent.











































	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
	
	
	
	
	

Figure 6: Proliferation of PC-3ML after treatment with bare and pegylated PHAuNPs. There was no significant change in cell proliferation after 72 hours of treatment for both types of PHAuNPs.


Furthermore, an inhibitory effect of cell proliferation was observed in MDA-MB-231, an established breast cancer cell line, as shown in Figure 7. The inhibition patterns are similar to that observed in PC-3 cells (Figure 5).


	
	
	
	
	
	
	
	







































	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
		
		
		
	


	
		
		
		
		
	

Figure 7: Proliferation of MDA-MB-231 after treatment with bare and pegylated PHAuNPs indicated that the effect was significant only in the case of the pegylated PHAuNPs at 20 μM and 100 μM after 72 hours of treatment.


Recent studies have implicated that nanoparticles may be applicable in cancer intervention [5, 6, 8, 9]. Due to the difference in the physical properties of the nanoparticles in relation to their composite bulk material, the interaction of the particles on basic cellular functions has not been fully explored. Our study here provides information on the impact of nanoparticles on cell proliferation to aid in the understanding of the mechanism of interaction of nanoparticles with cells. We have chosen different cells as well as different concentrations of bare and pegylated PHAuNPs to study their effect on cells.
Previous studies have reported that the size of the nanoparticles may impact cell proliferation [45, 46]. The size of the nanoparticles used in the current study was uniform at 150 nm ± 10% (Figure 1). Therefore, we believe that the difference in cell proliferation observed was primarily due to the concentration of the nanoparticles. In addition, our results indicated that higher concentration of the nanoparticles tended to have more impact leading to further decrease in cell numbers compared to lower concentrations thereby supporting this notion. Thus, there appears to be a concentration dependent effect of nanoparticles on cell proliferation. These trends are observable after 24 hours as well as 72 hours.
The more pronounced effect in PC-3 compared to PNT1A may imply that the nanoparticles impact the cancer cell lines more severely than the normal cells. The observations also indicated that the impact of the nanoparticles is cell line dependent. This can be seen from the fact that PC-3 cells was more severely affected than normal cells and the effect on MDAMB231 cells was different compared to the other cells tested. There is also an indication that the effect of the nanoparticles was more evident after 72 hours, suggesting that more than 24 hours were required for the particles to take effect. Interestingly, in the case of MDA-MB-231, the impact was overly enhanced within 24 hours when compared to PC-3, with continued incubation providing no further effect. The absence of a significant effect on PC-3ML after 72 hours further supports our earlier observation that the outcomes are cell line dependent.
Our data indicated that there was no clear difference between bare PHAuNPs and the pegylated PHAuNPs or Raman nanotags. Our results also indicated that more tumorigenic PC-3ML experienced a growth enhancement from the nanoparticles compared to its less potent parental line, PC-3. This further suggests that the cancer characteristics of a cell may not be the only factor related to the impact of the nanoparticles on cell proliferation. Also, our study was conducted over 24-hour period and 72-hour period in triplicates, using same initial seeding density to address the issue of the effects of seeding density in testing cytotoxicity of nanoparticles [46]. It has also been reported that the presence of sodium citrate on the surface of gold nanoparticles increases cytotoxicity [47]. The PHAuNP’s tested did not contain any sodium citrate. Thus, our experiments and observations indicated that both the bare and pegylated PHAuNPs seem to have some inhibitory effect but prove to be noncytotoxic. Overall, it appears that the addition of nanoparticles tends to only decrease cell proliferation in certain cell lines such as PC-3, MDA-MB231, and PNT1A, while enhancing cell proliferation in PC-3ML.
4. Conclusions
In this paper we have studied the impact of bare and pegylated Porous Hollow Gold Nanoparticles on the proliferation of different cell lines. PNT1A, PC-3, PC-3ML, and MDAMB231 cells were treated with 0, 0.8, 4, 20, and 100 µM of the bare and pegylated PHAuNPs in triplicates over periods of 24 and 72 hours. The results indicated that both types of particles at all concentrations were not cytotoxic. However, there was some growth inhibition at higher concentrations in the case of PC-3, PNT1A, and MDAMB231 whereas there was growth enhancement in PC3-ML after 72 hours. Thus, the impact of the nanoparticles appears to be time, concentration, and cell line dependent.
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