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Abstract:

 To explore the novel properties of carbon nanoparticles (CNPs) in nanotoxicity assays, the adsorption of phenol red (a pH indicator for culture medium) by multi-walled carbon nanotubes (MWNTs) and three kinds of carbon blacks (CBs) with nanosize, and its effects on cytotoxicity were studied. Results indicated that the phenol red adsorbed and delivered into cells by CBs was responsible for the toxicity to Hela cells in the medium without serum. The cellular uptake of phenol red was verified using 125I-labeling techniques. The size-dependent cytotoxicity of CBs was found to closely correlate to adsorption of phenol red, cellular uptake of phenol red-CB complexes and the amount of phenol red delivered into the cells by CBs. Although the CBs were either nontoxic or slightly toxic, as vehicles of phenol red, they played an essential role in the cytotoxicity induced by phenol red. However, MWNTs showed an intrinsic cytotoxicity independent of phenol red. The implications associated with these findings are discussed.
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1. Introduction

Increasing effort has been made to evaluate the cytotoxicity of carbon nanoparticles (CNPs). However, the results obtained are often fragmentary and even puzzling [1–6]. These inexplicable results may be related to the novel properties of CNPs. Because of their large surface area and high adsorption capability, some molecules, especially dye molecules, can be adsorbed onto CNPs, leading to the interference of cellular viability determinations based on optical absorption measurements [7,8]. Hurt et al. addressed this confounding issue and advised caution when performing even an established toxicity assay in the presence of fine carbon particles [4]. Besides dye molecules, Guo et al. studied the adsorption of essential micronutrients from cell culture media by single-walled carbon nanotubes (SWNTs) and indicated that SWNTs caused dose-dependent adsorption and depletion of amino acids and vitamins. HepG2 cells cultured in such depleted media showed significantly reduced viability [9].

However, problems are not just limited to simple adsorption by CNPs interfering with viability assays or depletion of micronutrients from the medium. It is well known that CNPs can be largely internalized into the cells [10–13]. Moreover, some chemical molecules, once adsorbed onto CNPs, can be delivered into cells. Therefore, CNPs have great potential in the development of various drug delivery systems [14–16]. It is expected that a similar situation will also occur in toxicity assays for nanoparticles. Some cargos in biological media can be vectorized into cells by CNPs and during assessing toxicity of CNPs with common toxicological methods some unexpected phenomena or results emerge (i.e., the “Trojan horse” effect) [4].

In our previous work, it was indicated that serum proteins in cell culture medium adsorbed on CNPs attenuated the inherent cytotoxicity of CNPs and the extent of toxicity attenuation increased with increasing amounts of adsorbed serum proteins [13]. Recently, Ge et al. investigated the nanoparticle-protein interactions in detail and found that binding of blood proteins to carbon nanotubes greatly altered their cellular interaction pathways and resulted in much reduced cytotoxicity for these protein-coated nanoparticles, according to their respective adsorption capacity [17].

Regarding the adverse bio-effects, we are wondering whether there are some harmful components in cell culture medium that play essential roles with respect to the toxicity after being transported into cells by CNPs. Our latest work indicated that a large amount of sodium ions in serum-free medium were adsorbed and delivered into the cell interior by nanodiamonds, which then led to severe cytotoxicity [18]. In this work, the interaction of CNPs with phenol red, a pH indicator for culture medium, and its effects on cytotoxicity were studied. During examination of the cytotoxicity of CNPs, surprisingly, we found for the first time that phenol red, which has been widely employed in in vitro toxicological assays, was toxic to Hela cells. Using radioactivity tracer technology, the toxicity mechanism of phenol red was verified.



2. Results and Discussion


2.1. Characterization of CNPs

Three kinds of carbon black (CB), CB PG, CB S160, and CB P90 are denoted by PG, S160, and P90, respectively. TEM images show that they have primary particle sizes of 51, 20, and 14 nm for PG, S160, and P90, respectively (Figure 1).

Figure 1. TEM images of carbon black (a) PG; (b) S160; (c) P90. Scale bar = 100 nm.
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The diameter of MWNTs used in this work is about 40–100 nm. After purification, cutting and functionalization by oxidation and sonication, well-dispersed MWNTs with about 600–800 nm in length were prepared. Elemental analysis by inductively coupled plasma mass spectrometry (ICP-MS) indicated that the MWNTs contained impurities of 0.1% Ni and 0.2% Fe. The details for characterization have been described in our previous work [19].



2.2. Adsorption of Phenol Red on CNPs

Several researchers have indicated that phenol red can be adsorbed onto SWNTs, leading to attenuation of their UV/Visible spectroscopic characteristics [20,21] or the removal of their characteristic color by centrifugal ultrafiltration [9]. However, no reports exist thus far on the effects of adsorption of phenol red by SWNTs on living systems. To visualize the adsorption of phenol red on CNPs, MWNTs and three kinds of CB were incubated in RPMI1640 medium without serum for 2 h. After centrifugation, the characteristic pink color of phenol red was attenuated to varying degrees (Figure 2). To quantify the adsorption, the amounts of phenol red adsorbed on each kind of CNPs were determined in media with and without serum, and the results listed in Table 1.

Figure 2. The color change of phenol red in supernatants of carbon nanoparticles (CNPs) after 2 h incubation in serum-free medium.
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Table 1. The amounts of phenol red adsorbed on CNPs (μg mg−1). All data shown are based on three independent experiments.



	
Medium composition

	
CNPs




	






	
MWNTs

	
PG

	
S160

	
P90






	
Without serum

	
2.36 ± 0.26

	
1.43 ± 0.16

	
3.81 ± 0.04

	
4.85 ± 0.02




	
With serum

	
All data < 1.32









Upon decreasing the size of the CNPs, we observed a monotonic increase in the amounts of adsorbed phenol red. The extremely high adsorption ability of P90 led to the formation of a colorless medium without an associated change in pH value. The MWNTs had an intermediate adsorption ability located between those for PG and S160. The difference in adsorption abilities of CNPs was in consistent with the sequential order of change in color of phenol red, shown in Figure 2. However, relatively lower adsorption abilities were obtained for all CNPs in culture medium with serum, implying inhibition of the adsorption of phenol red on CNPs by competitive adsorption from the serum proteins.



2.3. Effects of Phenol Red on Cytotoxicity

In the general sense, phenol red should be nontoxic to mammalian cells. Indeed, no toxicity was observed in this work when Hela cells were incubated even in a RPMI1640 solution containing up to 500 μg mL−1 phenol red (Figure 3a), which is one hundred times higher than the normal concentration of 5 μg mL−1 in complete cell culture medium. When P90 existed in the culture medium, however, the effect of phenol red on cytotoxicity appeared. As illustrated in Figure 3b, over the concentration range of phenol red used, we found a monotonic increase in cytotoxicity with increasing concentration of phenol red, with no toxicity showed in medium without phenol red. Thus it can be seen that phenol red was responsible for the cytotoxicity, and its toxicity appeared only in the presence of P90 in the culture medium. Unlike P90, the MWNTs exhibited an obvious cytotoxicity over the entire concentration range of phenol red (Figure 3b), and the cytotoxicity remained essentially unchanged at phenol red concentrations from 0 to 5 μg mL−1.

Figure 3. Dose-dependent cytotoxicity of phenol red in serum-free medium (a) without CNPs; (b) with CNPs at concentration of 100 μg mL−1. All data shown are based on three independent experiments.
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Having observed the cytotoxicity of phenol red associated with CNPs, we next examined the dose-dependent toxicities of MWNTs and P90 in culture media with and without phenol red. As seen in Figure 4a, when Hela cells were exposed to P90 in culture medium without phenol red, no noticeable toxicity was found until the concentration of P90 reached up to 200 μg mL−1. However, in culture medium containing phenol red, the cytotoxicity continuously increased with increasing P90 concentration. Unlike P90, MWNTs exhibited increasing cytotoxicity with increasing concentration of MWNTs no matter whether phenol red existed in the medium or not (Figure 4b).

Figure 4. The cytotoxicity of CNPs dispersed in serum-free medium with or without phenol red (a) P90; (b) MWNTs. All data shown are based on three independent experiments.
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Figure 5 shows the toxicities of 100 μg mL−1 PG, S160, P90, and MWNTs to Hela cells in culture medium with and without phenol red. One can see that three kinds of CBs exhibited different toxicity in media with phenol red. Moreover, a distinct size-dependent cytotoxicity appeared, with the finest P90 being most toxic. When phenol red was absent in the media, however, the different cytotoxicity of CBs disappeared almost completely. A further trypan blue exclusion test confirmed this MTT-based cytotoxicity assessment results (Figure S1). All of these results suggest that phenol red exhibited no toxicity because of its poor cellular penetration, and the cytotoxicity observed in the presence of CB would be due to the production of cell-penetrating phenol red-CB complexes. CB could be either toxic or nontoxic, depending on whether phenol red existed in the medium or not.

Figure 5. Cytotoxicity assessment of Hela cells exposed to MWNTs, PG, S160 and P90 (denoted by 1, 2, 3 and 4, respectively) in serum-free medium with or without phenol red. All data shown are the mean values of three experiments ± SEM.
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Our previous work indicated that CBs can be largely internalized into Hela cells in a serum-free medium [13], in combination with Figure 5, we concluded that all of these CBs in culture media without phenol red were nontoxic even after being internalized into the cells. In contrast, there was no noticeable difference in cytotoxicity when the cells were exposed to MWNTs in culture medium with or without phenol red and MWNTs exhibited pronounced cytotoxicity in the culture medium no matter whether phenol red existed in medium or not (Figure 5). This led us to conclude that MWNTs themselves were potential environment and health hazards.

In addition, CBs still exhibited a certain cytotoxicity when cells were incubated in complete cell culture medium (see Figure S2). In this case phenol red was not responsible for the toxicity due to low absorption ability. It is suggested that some unknown harmful substances in medium might be adsorbed and delivered into cells by CBs, leading to cell death. Further study related with the additional toxicity mechanism is required.



2.4. Cellular Uptake of Phenol Red and Its Dependence on Size of CBs

In this work, a distinct size-dependent cytotoxicity of CBs dispersed in culture medium containing phenol red was found (Figure 4). The study of the effects of nanoparticle size on cytotoxicity is an attractive topic in nanotoxicology [22–24]. Generally speaking, researchers agree that smaller particles are more toxic than larger particles [25–27]. However, the scientific nature behind these phenomena is unclear. As phenol red is an origin of toxicity, it is reasonable to speculate that the degree of toxicity should be decided by the quantity of phenol red delivered into cells by CBs. Hereby the exploration of reasons for size-dependent toxicity observed in this work may be helpful to better understand the toxicological mechanisms.

In our previous study with 99mTc radiolabeling method, the size-dependent cellular uptake of CBs has been demonstrated [13]. In the present work, the size-dependent adsorption amounts of phenol red by CBs have also been demonstrated (Table 1). On the basis of these results, the size-dependent amounts of phenol red delivered into cells by CBs, should logically be valid. As a result, the size-dependent toxicity of CBs to Hela cells is reasonably explained.

To experimentally verify this speculation, phenol red was then labeled with the radionuclide 125I via a conventional Iodogen method [28]. The stability of the 125I-phenol red was very high and its radiochemical purity was maintained over 99% even after one month (Figures S3, S4). The amounts of phenol red internalized into the cells were determined to be 1.68, 7.10, and 25.8 ng per 1000 cells for PG, S160, and P90, respectively (Table 2). When comparing the cellular uptake of 0.31 ng for the control determined in cell culture medium without CBs, phenol red was indeed transferred into the cells by CBs. The experimental uptake values demonstrated the size-dependence of the amounts of phenol red delivered into the cells, with the finest P90 had highest uptake of phenol red. More importantly, the results supported our speculation that the size-dependent cytotoxicity was based on the size-dependence of the cellular uptake of CB complexes and the amounts of phenol red adsorbed by CBs.

Table 2. Cellular uptake of 125I labeled phenol red in cell culture medium with or without serum. The concentration of CNPs in all samples was 100 μg mL−1, (−: CNPs dispersed in serum-free medium; +: CNPs dispersed in complete medium). All data shown are the mean values of three experiments ± SEM.


	Nanomaterials
	Uptake quantities (ng 1000 cell−1)





	Control
	0.31 ± 0.07



	MWNTs(−)
	2.33 ± 1.10



	PG(−)
	1.68 ± 0.36



	S160(−)
	7.10 ± 1.47



	P90(−)
	25.8 ± 1.9



	MWNTs(+)
	0.38 ± 0.06



	PG(+)
	0.33 ± 0.08



	S160(+)
	0.40 ± 0.15



	P90(+)
	0.52 ± 0.17








Finally, it should indicate that toxicity of phenol red was exhibited only when cells were exposed to CBs in medium without serum. As seen from Table 2, when cells were exposed to the finest P90, the existence of serum in culture medium reduced the uptake of phenol red from 25.8 ng to 0.52 ng per 1000 cells. As a result, a little phenol red internalized into cells will not interfere with toxicity assessments of CBs obtained in complete cell culture medium (Figure S2), implying that the assessments of cytotoxicity for CNPs, in most cases with complete cell culture medium, are reliable. During the study on drug delivery systems of CNPs, especially for gene delivery, however, the cell culture medium without serum aimed to increase the efficacy was preferentially used [29,30]. Accordingly caution is needed against the influence of nanopaticle-phenol red interactions on efficacy of nanoparticle-based drug delivery systems.




3. Experimental Section


3.1. Carbon Nanoparticles (CNPs)

Three kinds of CB with primary particle sizes of 51, 20, and 14 nm for PG, S160, and P90, respectively, were purchased from Degussa (Shanghai, China). All of these nanoparticles were used directly in the experiments without any pretreatment.

MWNTs (95% in purity and several tens of micrometers long with diameter of 40–100 nm) prepared by chemical vapor deposition (CVD) were obtained from Shenzhen Nanotech Port Co. Ltd, China. After purification, cutting and functionalization by oxidation and sonication, well-dispersed MWNTs with about 600–800 nm in length were prepared. Before experiment, their characterization had been completed by using various microscopic techniques. The details for preparation and characterization have been described in our previous work [19].



3.2. Standard Curve Drawing of Phenol Red in Culture Medium

A certain amount of phenol red was dissolved in RPMI-1640 without phenol red (RPMI-1640W, Gibco), to give suspensions with a concentration of 1 mg mL−1. The resulting solution was diluted into a series of working solutions with phenol red of gradient concentration, 10 μg mL−1, 5 μg mL−1, 2.5 μg mL−1, 1.25 μg mL−1, 0.625 μg mL−1 and 0.313 μg mL−1. The adsorption feature of phenol red was detected at 560 nm using a UV/Vis spectrophotometer (TU-1800SPC, China), and RPMI-1640W was used as the reference solution [20,21]. The standard curve of phenol red in culture medium was given in Figure S5.



3.3. Determination of Adsorption Amounts of Phenol Red on CNPs

Various CNPs were added into cell culture medium (RPMI-1640, containing 5 μg mL−1 phenol red, Gibco), with and without serum, to give suspensions with a final concentration of 1 mg mL−1. After sonication, the resulting suspensions were incubated at 37 °C for 2 h. Next, the suspensions were centrifuged at 12,000 rpm for 10 min, and the concentration of phenol red in supernatants for all samples, as well as the original cell culture medium, were measured using the same method as described above. The adsorption amounts of phenol red on CNPs per milligram, q (μg mg−1), were calculated for various CNPs according to Equation 1:
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(1)




where Co and Ce are the phenol red concentrations (μg mL−1) contained in the original cell culture medium and in the supernatants, respectively. Cn is the concentration of CNPs in the cell culture medium (mg mL−1).



3.4. Assay for Phenol Red Concentration-Dependent Viability of Cells in Serum-Free Medium

A stock solution of 1 mg mL−1 phenol red was prepared by the addition of certain amounts of phenol red (Amresco) into RPMI-1640W. Various culture media with phenol red concentrations of 0, 1.25, 2.5, 5.0, 50 and 500 μg mL−1 were obtained by dilution of the stock solution with RPMI-1640W. Hela cells were grown in a normal complete cell culture medium, and the resulting cell suspension (105 cells mL−1) was dispensed into 6-well plates and incubated overnight to allow for cell adherence. After washing twice with phosphate buffered saline (PBS), the cells were incubated in serum-free medium with phenol red at various concentrations. The cells in the normal serum-free medium containing 5 μg mL−1 phenol red were used as controls. All samples were incubated at 37 °C for 2 h, and then washed three times with PBS. The cells were further incubated for 24 h in complete cell culture medium. Finally, the cell viability was determined by the [3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide] MTT assay (Sigma-Aldrich, Shanghai, China) and expressed as a percentage of ODtreat/ODcontrol. All viability determination data were based on three independent experiments.



3.5. Assay for Concentration-Dependent Cytotoxicity of Phenol Red in Serum-Free Medium with CNPs

To verify the effects of formation of CNP–phenol red complexes on cytotoxicity, a special procedure, similar to that described [13,31], was used for the cytotoxicity assays. Various culture media with phenol red concentrations of 0, 0.625, 1.25, 2.5 and 5.0 μg mL−1 were prepared using a similar method to that described above. Certain amounts of MWNTs and P90 were added into each medium to yield a nanomaterial concentration of 100 μg mL−1. Cells incubated in serum-free medium without CNPs were used as a control. After 2 h incubation at 37 °C, all samples were washed four times with PBS to remove the uninternalized CNPs, and then further incubated in complete cell culture medium for 24 h. Cytotoxicity in the culture medium with phenol red and CNPs was determined by a similar method as described above. The cell viability was expressed as a percentage of ODnanomaterial/ODcontrol, and the relative cytotoxicity was calculated according to the formula: (1−ODnanomaterial/ODcontrol) × 100. All cytotoxicity assessment data were based on three independent experiments.



3.6. Assay for Cytotoxicity of CNPs in Serum-Free Medium with or without Phenol Red

Stock solutions of test nanomaterials were prepared by the addition of CNPs into RPMI-1640 solution with or without phenol red. The test CNP stock solutions were then added into the same medium as the cells to make the final required concentrations of CNPs. The cells in the same culture solution without CNPs were used as controls. After 2 h incubation, all samples were washed with PBS and further incubated in complete cell culture medium for 24 h. The cytotoxicity of the CNPs in the serum-free medium with or without phenol red was assessed using the MTT method.

Trypan blue exclusion test was used to distinguish the live and dead cells. After incubation, cell aliquots were collected and immediately stained with trypan blue for 5 min. Cell proliferation was measured by counting cell numbers and cell viabilities were expressed as a percentage of Numbernanomaterial/Numbercontrol, and the relative cytotoxicity was calculated according to the formula: (1−Numbernanomaterial/Numbercontrol) × 100. All cytotoxicity assessment data were based on three independent experiments.



3.7. 125I Labeling of Phenol Red

The radiolabeling of phenol red was performed by the conventional Iodogen method [28]. Briefly, a solution of phenol red at a concentration of 30 μg mL−1 was added to a vial coated internally with Iodogen (Chengdu Gaotong Isotope Co., China). The radiolabeling of phenol red was initiated by the addition of 18 MBq (≈500 μCi) Na125I and the mixture was gently mixed and incubated for 5 min at room temperature. Finally, Na2SO3 solution was added to stop the labeling reaction. A gradient high-performance liquid chromatography (HPLC) system was used for examination of the radiolabeling rate and radiochemical purity. The reserve times were 13.99 min and 2.84 min for phenol red labeled with 125I and free iodine ions, respectively (Figure S3). The labeling yield was determined to be 100% with no free iodine ions detected (Figure S4). The specific activity was calculated as the activity per unit amount of labeled compound and was found to be 0.6 MBq μg−1. The in vitro stability of 125I-phenol red was determined by incubating the labeled compound in cell culture medium at 37 °C. The aliquots were then analyzed at time intervals of 1, 2, 4 and 8 h in the manner described above (see Figure S6).



3.8. Determination of Cellular Uptake of Phenol Red with Radiotracer Techniques

The culture medium with 125I-phenol red (125I-medium) was prepared by addition of a certain amount of 125I-phenol red with high specific activity (0.6 MBq μg−1) into RPMI1640 solution with or without serum. Various CNPs were added into the 125I-medium to make the concentration of the nanomaterial stock solution up to 200 μg mL−1, followed by sonication just prior to the experiments. Hela cells were pretreated as described above. After washing twice with PBS, the CNP stock solutions in the 125I-media with or without serum were added to the plate. The final concentration of CNPs for all samples was 100 μg mL−1. The cells in the same 125I-medium without CNPs were used as controls. After 2 h incubation at 37 °C, all samples were washed four times with PBS to remove the non-internalized CNPs and 125I-medium. The cells were then digested with 0.25% trypsin, and re-suspended in 1.05 mL of the complete cell culture medium. Aliquots of 50 μL were taken from the treated samples to determine the number of cells, and the remainder of the cell suspensions was collected in centrifuge tubes to determine the activity of 125I-phenol red taken up by the cells. 100 μL stock solutions of 125I-media with or without serum were then taken as references, and counted simultaneously for the determination of the total activity of 125I-phenol red to which the Hela cells were exposed. The uptake quantities of phenol red per 1000 cells (ng/1000 cells) were calculated according to Equation 2:
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(2)




where Rc is the activity of the cell suspension (count per minute; cpm), Rs is the activity of the reference samples (cpm), n is the number of cells per milliliter in each sample, and the concentration of phenol red in cell culture medium (C) is 5 μg mL−1.




4. Conclusions

This paper studied the interaction of phenol red in culture medium with CNPs and its effects on cytotoxicity. The results indicated that phenol red, commonly employed in toxicological study, was toxic after being adsorbed and delivered into cells by CBs in a serum-free cell culture medium. CBs were nontoxic themselves even after internalized into cells from serum–free culture medium without phenol red. However, as carriers of phenol red, CBs played an essential role in the cytotoxicity induced by phenol red. The findings in this work suggested that, in a departure from the study in common toxicology, some constituent components in cell culture medium, whose biological activity could be negligible in conventional toxicity assays would interfere with toxicity assessments in nanotoxicology.



Supplementary Materials

ijms-13-12336-s001.pdf





Acknowledgements

We thank Longqiang Wang from Degussa China for kindly providing all kinds of carbon blacks. This work was supported financially by the Ministry of Science and Technology of China (2012CB825800, 2012CB932600, 2012CB825805 and 2011CB933400), the National Natural Science Foundation of China (11275251, U1232113, 10905086, 10975179, 90913014 and 11179004), and the Main Direction Program of Knowledge Innovation of CAS (KJCX2-EW-N03).



References


	1. 
Nel, A.; Xia, T.; Madler, L.; Li, N. Toxic potential of materials at the nanolevel. Science 2006, 311, 622–627. [Google Scholar]

	2. 
Fan, C.H.; Li, Q.N.; Wang, J.; Li, W.X.; Hu, J. Toxicology of Carbon Nanomaterials. In Nanotoxicology; Zhao, Y.L., Nalwa, H.S., Eds.; American Scientific Publishers: Stevenson Ranch, CA, USA, 2007; pp. 181–200. [Google Scholar]

	3. 
Dumortier, H.; Lacotte, S.; Pastorin, G.; Marega, R.; Wu, W.; Bonifazi, D.; Briand, J.P.; Prato, M.; Muller, S.; Bianco, A. Functionalized carbon nanotubes are non-cytotoxic and preserve the functionality of primary immune cells. Nano Lett 2006, 6, 1522–1528. [Google Scholar]

	4. 
Hurt, R.H.; Monthioux, M.; Kane, A. Toxicology of carbon nanomaterials: Status, trends, and perspectives on the special issue. Carbon 2006, 44, 1028–1033. [Google Scholar]

	5. 
Magrez, A.; Kasas, S.; Salicio, V.; Pasquier, N.; Seo, J.W.; Celio, M.; Catsicas, S.; Schwaller, B.; Forro, L. Cellular toxicity of carbon-based nanomaterials. Nano Lett 2006, 6, 1121–1125. [Google Scholar]

	6. 
Smart, S.K.; Cassady, A.I.; Lu, G.Q.; Martin, D.J. The biocompatibility of carbon nanotubes. Carbon 2006, 44, 1034–1047. [Google Scholar]

	7. 
Monteiro-Riviere, N.A.; Inman, A.O. Challenges for assessing carbon nanomaterial toxicity to the skin. Carbon 2006, 44, 1070–1078. [Google Scholar]

	8. 
Wörle-Knirsch, J.M.; Pulskamp, K.; Krug, H.F. Oops they did it again! Carbon nanotubes hoax scientists in viability assays. Nano Lett 2006, 6, 1261–1268. [Google Scholar]

	9. 
Guo, L.; von Dem Bussche, A.; Buechner, M.; Yan, A.; Kane, A.B.; Hurt, R.H. Adsorption of essential micronutrients by carbon nanotubes and the implications for nanotoxicity testing. Small 2008, 4, 721–727. [Google Scholar]

	10. 
Pantarotto, D.; Briand, J.P.; Prato, M.; Bianco, A. Translocation of bioactive peptides across cell membranes by carbon nanotubes. Chem. Commun. (Cambridge, UK) 2004, 1, 16–17. [Google Scholar]

	11. 
Jia, G.; Wang, H.; Yan, L.; Wang, X.; Pei, R.; Yan, T.; Zhao, Y.; Guo, X. Cytotoxicity of carbon nanomaterials: Single-wall nanotube, multi-wall nanotube, and fullerene. Environ. Sci. Technol 2005, 39, 1378–1383. [Google Scholar]

	12. 
Kostarelos, K.; Lacerda, L.; Pastorin, G.; Wu, W.; Wieckowski, S.; Luangsivilay, J.; Godefroy, S.; Pantarotto, D.; Briand, J.P.; Muller, S.; et al. Cellular uptake of functionalized carbon nanotubes is independent of functional group and cell type. Nat. Nanotechnol 2007, 2, 108–113. [Google Scholar]

	13. 
Zhu, Y.; Li, W.X.; Li, Q.N.; Li, Y.G.; Li, Y.F.; Zhang, X.Y.; Huang, Q. Effects of serum proteins on intracellular uptake and cytotoxicity of carbon nanoparticles. Carbon 2009, 47, 1351–1358. [Google Scholar]

	14. 
Parihar, S.; Sharon, M.; Sharon, M. Carbon nanomaterial shows drug delivery promise: Part 1—Selection of carbon nanomaterial and drug loading. Synth. React. Inorg. Met.-Org 2006, 36, 107–113. [Google Scholar]

	15. 
Chow, E.K.; Zhang, X.Q.; Chen, M.; Lam, R.; Robinson, E.; Huang, H.J.; Schaffer, D.; Osawa, E.; Goga, A.; Ho, D. Nanodiamond therapeutic delivery agents mediate enhanced chemoresistant tumor treatment. Sci. Transl. Med 2011, 3, 73ra21. [Google Scholar]

	16. 
Kam, N.W.S.; Liu, Z.; Dai, H.J. Carbon nanotubes as intracellular transporters for proteins and DNA: An investigation of the uptake mechanism and pathway. Angew. Chem 2005, 44, 1–6. [Google Scholar]

	17. 
Ge, C.; Du, J.; Zhao, L.; Wang, L.; Liu, Y.; Li, D.; Yang, Y.; Zhou, R.; Zhao, Y.; Chai, Z.; Chen, C. Binding of blood proteins to carbon nanotubes reduces cytotoxicity. Proc. Natl. Acad. Sci. USA 2011, 108, 16968–16973. [Google Scholar]

	18. 
Zhu, Y.; Li, W.; Zhang, Y.; Li, J.; Liang, L.; Zhang, X.; Chen, N.; Sun, Y.; Chen, W.; Tai, R.; Fan, C.; Huang, Q. Excessive sodium ions delivered into cells by nanodiamonds: Implications for tumor therapy. Small 2012, 8, 1771–1779. [Google Scholar]

	19. 
Zhu, Y.; Zhao, Q.; Li, Y.; Cai, X.; Li, W. The interaction and toxicity of multi-walled carbon nanotubes with Stylonychia mytilus. J. Nanosci. Nanotechnol 2006, 6, 1357–1364. [Google Scholar]

	20. 
Casey, A.; Davoren, M.; Herzog, E.; Lyng, F.M.; Byrne, H.J.; Chambers, G. Probing the interaction of single walled carbon nanotubes within cell culture medium as a precursor to toxicity testing. Carbon 2007, 45, 34–40. [Google Scholar]

	21. 
Casey, A.; Herzog, E.; Davoren, M.; Lyng, F.M.; Byrne, H.J.; Chambers, G. Spectroscopic analysis confirms the interactions between single walled carbon nanotubes and various dyes commonly used to assess cytotoxicity. Carbon 2007, 45, 1425–1432. [Google Scholar]

	22. 
Sato, Y.; Yokoyama, A.; Shibata, K.; Akimoto, Y.; Ogino, S.; Nodasaka, Y.; Kohgo, T.; Tamura, K.; Akasaka, T.; Uo, M.; et al. Influence of length on cytotoxicity of multi-walled carbon nanotubes against human acute monocytic leukemia cell line THP-I in vitro and subcutaneous tissue of rats in vivo. Mol. BioSyst 2005, 1, 176–182. [Google Scholar]

	23. 
Chithrani, B.D.; Ghazani, A.A.; Chan, W.C.W. Determining the size and shape dependence of gold nanoparticle uptake into mammalian cells. Nano Lett 2006, 6, 662–668. [Google Scholar]

	24. 
Sohaebuddin, S.K.; Thevenot, P.T.; Baker, D.; Eaton, J.W.; Tang, L.P. Nanomaterial cytotoxicity is composition, size, and cell type dependent. Part. Fibre Toxicol 2010, 7, 22. [Google Scholar]

	25. 
Li, J.A.; Li, Q.N.; Xu, J.Y.; Li, J.; Cai, X.Q.; Liu, R.L.; Li, Y.J.; Ma, J.F.; Li, W.X. Comparative study on the acute pulmonary toxicity induced by 3 and 20 nm TiO2 primary particles in mice. Environ. Toxicol. Pharmacol 2007, 24, 239–244. [Google Scholar]

	26. 
Sager, T.M.; Castranova, V. Surface area of particle administered versus mass in determining the pulmonary toxicity of ultrafine and fine carbon black: Comparison to ultrafine titanium dioxide. Part. Fibre Toxicol 2009, 6, 15. [Google Scholar]

	27. 
Oberdorster, G. Toxicology of ultrafine particles: In vivo studies. Philos. Trans. Roy. Soc. A 2000, 358, 2719–2739. [Google Scholar]

	28. 
Muftuler, F.Z.B.; Unak, P.; Teksoz, S.; Acar, C.; Yolcular, S.; Yurekli, Y. I-131 labeling of tamoxifen and biodistribution studies in rats. Appl. Radiat. Isot 2008, 66, 178–187. [Google Scholar]

	29. 
Gao, L.Z.; Nie, L.; Wang, T.H.; Qin, Y.J.; Guo, Z.X.; Yang, D.L.; Yan, X.Y. Carbon nanotube delivery of the GFP gene into mammalian cells. ChemBioChem 2006, 7, 239–242. [Google Scholar]

	30. 
Kulamarva, A.; Bhathena, J.; Malhotra, M.; Sebak, S.; Nalamasu, O.; Ajayan, P.; Prakash, S. In vitro cytotoxicity of functionalized single walled carbon nanotubes for targeted gene delivery applications. Nanotoxicology 2008, 2, 184–188. [Google Scholar]

	31. 
Kam, N.W.S.; Jessop, T.C.; Wender, P.A.; Dai, H.J. Nanotube molecular transporters: Internalization of carbon nanotube-protein conjugates into mammalian cells. J. Am. Chem. Soc 2004, 126, 6850–6851. [Google Scholar]





















© 2012 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
Cytotoxicity (%)

60 -
50—-
40—-
30—-

20+

I vith phenol red
[ lwithout phenol red

-

material

3





nav.xhtml


  ijms-13-12336


  
    		
      ijms-13-12336
    


  




  





media/file5.png





media/file3.png
Cytotoxicity(%)
s 8 8 &8 & 8

o

9
:'; 40
S
£ 30
L
g 20
S /
5 104 /i/
P S
— J
ol i ‘ 100 01 i ! 100
Concentration of PSO(ug/mL) Concentration of MWNTs(ug/mL)

(a)

(b)





media/file0.png





media/file1.png
1640 MWNTs PG S160 P90





media/file2.png
i/*_{\i/¥

1 10 100
Concentration of phenol red (ug/mL)

(@)

50

40

Cytotoxicity(%)

T

: /I/‘/I

000 125 250 375  5.00
Concentration of phenol red (ug/mL)

(b)





