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Abstract

To study the toxicity of nanoparticles under relevant conditions, it is important to reproducibly disperse nanoparticles in biological media in in vitro and in vivo studies. Here, single-walled nanotubes (SWNTs) and double-walled nanotubes (DWNTs) were physicochemically and biologically characterised when dispersed in phosphate-buffered saline (PBS) and bovine serum albumin (BSA) solution. SWNTs and DWNTs were well dispersed by BSA, without modification of their morphology or structure, suggesting that the BSA-SWNT/DWNT interaction resulted in a reduction of aggregation (reduced hydrodynamic diameter) and an increase in particle stabilisation (increased absolute zeta-potential values). There was no significant BSA modification by SWNTs or DWNTs in supernatant fractions. Based on the protein sequence coverage and protein binding results, DWNTs exhibited higher binding to protein than did SWNTs. SWNT and DWNT suspensions with BSA increased interleukin-6 (IL-6) levels and reduced tumour necrosis factor-alpha (TNF-α) levels in A549 cells compared with corresponding samples without BSA. We next determined the effects of SWNTs and DWNTs on pulmonary protein modification using bronchoalveolar lavage fluid (BALF) as a surrogate. The BALF proteins bound to SWNTs (13 proteins) and DWNTs (11 proteins), suggesting that the identified proteins were associated with blood coagulation pathways. We lastly demonstrated the importance of physicochemical and biological alteration of SWNTs and DWNTs when dispersed in biological media, as protein binding could result in misinterpretation of in vitro results and activation of protein-regulated biological responses.
1. Introduction
Carbon nanotubes (NTs) can be described as rolled hexagonal carbon networks that are capped by half fullerene molecules. Single-walled NTs (SWNTs) and double-walled NTs (DWNTs) are hollow tubes comprising a single wall or double walls, respectively, of crystalline graphene. The advantages of the NTs are high tensile strength, light weight and potential use in wide-ranging applications. The possible biomedical applications of NTs have attracted a great deal of interest as novel delivery systems for drugs [1], imaging contrast agents 


[2] ADDIN EN.CITE  and detection devices for capturing tumour cells in the blood [3]. However, the potential clinical applications of NTs are critically associated with NTs’ physicochemistry-driven toxicity. Increasing evidence suggests that NTs induce oxidative stress 


[4] ADDIN EN.CITE , inflammation [5] and immunotoxicity [6]. Xu et al. (2012) also showed that multi-walled NTs translocated into the pleural cavity and induced visceral mesothelial proliferation in rats [7]. Therefore, biomedical applications employing NTs should be thoroughly studied for potential negative effects before being widely used.
Aggregation and the more dynamic process of agglomeration are important issues when examining nanoparticle toxicity. Aggregation indicates strongly bonded or fused nanoparticles, whereas agglomeration indicates more weakly bonded nanoparticles 


[8] ADDIN EN.CITE . Agglomeration and aggregation are associated with nanoparticle toxicity due to their regulation of cellular uptake mechanisms 


[9] ADDIN EN.CITE . Therefore, many studies have suggested that physicochemical characterisation is needed to explore the toxicity of nanoparticles [10]. Several toxicology studies have physically investigated nanoparticle agglomeration in solutions with and without protein. For example, Zhang and colleagues (2010) illustrated that serum-containing medium thoroughly disaggregated titanium dioxide nanoparticles after 120 h 


[11] ADDIN EN.CITE . Vippola et al. (2009) investigated the addition of bovine serum albumin (BSA) to cell culture media, which generated small agglomerates of primary particles with narrow size variations and improved the stability of the dispersions 


[12] ADDIN EN.CITE . Surfactants such as BSA are commonly used to disperse nanoparticles for toxicological investigation 


[11-13] ADDIN EN.CITE . BSA is a globular protein consisting of 583 amino acid residues. In terms of its secondary structure, 67% of the protein is composed of alpha helices, and the protein contains 17 disulphide bridges, which increase its stability [14]. The advantages of serum-containing medium, such as medium with BSA, is that this medium can disaggregate and stabilise the size of nanoparticles, allowing a better understanding of nanoparticle toxicity under consistent physicochemical conditions. However, the interaction between protein and NTs and consequent biological effects remain unclear.

Increasing evidence shows that nanoparticles interact with proteins in biological systems 


[15-16] ADDIN EN.CITE . Protein interactions with particles are associated with a certain degree of protein unfolding, which affects the biological function of the protein 


[17] ADDIN EN.CITE . An increasing number of studies have investigated the interaction of nanoparticles with blood carrier-protein molecules and the effects on the biological activity of the proteins 


[9, 18-19] ADDIN EN.CITE . Nanoparticle surface chemistry has a considerable influence on the amount of protein binding to distinct ligands, leading to alterations in inflammation and immunity 


[6, 20] ADDIN EN.CITE . The important effects of protein modification on cellular homeostasis derive from the fact that proteins play critical roles in regulating cell structure, cell signalling and various enzymatic processes. However, there is a paucity of literature investigating the interaction of NTs with proteins and the resulting biological responses in biological systems for the evaluation of nanoparticle toxicity. To perform this investigation, we physicochemically characterised the interaction of SWNTs and DWNTs with BSA. Next, we examined BSA modification by SWNTs and DWNTs [using liquid chromatography-mass spectrometry (LC-MS)] and consequent biological responses [indicated by interleukin-6 (IL-6), interferon-gamma (IFN-γ) and tumour necrosis factor-alpha (TNF-α) levels] in vitro with and without BSA. Proteins in bronchoalveolar lavage fluid (BALF) collected from mice were allowed to interact with SWNTs and DWNTs to examine the bindability of the protein-particle conjugates. Lastly, SWNT- and DWNT-specific proteins were identified, and the biological processes, molecular functions and pathways affected by the protein-particle conjugates were analysed.
2. Materials and methods
2.1. Sample preparation

In this study, we physicochemically and biologically characterised NTs in biological media. Two near-pure, manufactured, chemical-less carbon NTs were used: SWNTs and DWNTs. The SWNTs and DWNTs were purchased from Nanostructured & Amorphous Materials, Inc. (Houston, USA). The detailed parameters are as follows: outer diameter of 1−2 nm for SWNTs and 5 nm for DWNTs, length of 1−3 μm for SWNTs and 5−15 μm for DWNTs, purity >95% and special surface area of 360−400 m2/g for SWNTs and 400 m2/g for DWNTs. The preparation of SWNTs or DWNTs in protein solution was based on protocols in previous studies 


[16, 21-22] ADDIN EN.CITE . Typically, a solution of 1 mg/ml BSA was prepared in sterile phosphate-buffered saline (PBS) and then filter sterilised. SWNTs or DWNTs were suspended in 5 ml of BSA solution or BSA-free solution after 15 min of sonication. Aliquots of the SWNT and DWNT suspensions were then combined with BSA solution or BSA-free PBS (final volume of 10 ml) to yield a final concentration of 0, 50, 150 or 1,000 μg/ml. The SWNT and DWNT samples were vortexed and incubated at 37(C for 2 h under constant shaking at 500 rpm to ensure thorough mixing. In total, 5 ml of the samples (0, 50, 150 or 1,000 μg/ml SWNTs or DWNTs) was then separated into the following two fractions by centrifugation (3,500 rpm) and filtration: supernatant and pelleted particles. The pelleted particles were washed thoroughly by repeated resuspension in deionised water and centrifugation. The SWNT and DWNT supernatants and the corresponding pelleted particles were used to investigate protein modification, whereas the SWNT and DWNT suspensions and their corresponding supernatants were used for cell-based inflammation and immune analyses. Particle-free solution with or without BSA was used as a negative control and was treated in the same manner as the test samples. All chemicals used in this study were reagent grade and were obtained from Sigma-Aldrich (UK), unless stated otherwise.
2.2. NT characterisation
Pelleted samples were obtained by centrifugation at 1,200 rpm and washed thoroughly by repeated resuspension in deionised water and centrifugation. The samples were then lyophilised for analysis with a scanning electron microscope (SEM). The samples were adhered to 12-mm carbon sticky tabs, which were fixed on 13-mm aluminium SEM stubs [23]; coated with platinum to an average thickness of 10 nm using a sputter coater; and imaged. The morphologies of the samples were observed using an Inspect™ SEM (FEI, USA) at an accelerating voltage of 15 kV and a 2.5 spot size. X-ray microanalysis was performed using the energy-dispersive X-ray (EDX) Genesis Microanalysis System. The microstructures of SWNTs and DWNTs suspended in BSA solution were investigated using high-resolution transmission electron microscopy (HRTEM; JEOL 2100, Jeol, Japan) operated at 200 keV. Dynamic light scattering (DLS; Malvern Zetasizer Nano-ZS, UK) was used to determine the hydrodynamic diameters of 150 μg/ml SWNT and DWNT suspensions with or without BSA. The zeta potentials of these samples with or without BSA were determined using a Zetasizer (Nano Z; Malvern, UK).
2.3. Determination of BSA modification in NT supernatants

The BSA control and SWNT and DWNT supernatants (from 1,000 μg/ml suspensions) were diluted with a solution of 5% acetonitrile (J.T. Baker, USA)/0.1% formic acid (Fluka, USA). LC-MS analyses were performed using a Q Exactive MS (Thermo Fisher Scientific, Bremen, Germany) coupled to an UltiMate 3000 Rapid Separation LC (RSLC) system (Dionex, Sunnyvale, USA). Peptides were separated using LC with a BioBasic C4 column (100 × 2.1 mm, 5 μm particle size; Thermo Fisher Scientific, Germany) under the conditions listed in Supplementary Information Table S1. Full MS scans were performed with a m/z range of 800−3,500, and the obtained mass spectra were deconvoluted using Protein Deconvolution v2.0 (Thermo, Germany) to determine the molecular weight.
2.4. Characterisation of BSA-NT conjugates
The BSA control and pelleted SWNTs and DWNTs (from 1,000 μg/ml suspensions) were reduced with 6.5 mM dithiothreitol at 37(C for 1 h and alkylated using 10 mM iodoacetamide in the dark at room temperature for 30 min. The samples were digested with trypsin in 25 mM ammonium bicarbonate at 37(C for 18 h and then acidified with 0.1% formic acid. The tryptic peptides were analysed with a Q Exactive MS (Thermo Fisher Scientific, Bremen, Germany) coupled to an UltiMate 3000 RSLC system. Peptide separation was performed using LC with a C18 column (Acclaim PepMap RSLC, 75 μm × 150 mm, 2 μm, Dionex) under the conditions listed in Supplementary Information Table S2. Full MS scans were performed with a m/z range of 300−2,000, and the 10 most intense ions from the MS scan were subjected to fragmentation, yielding MS/MS spectra. Raw data were processed into peak lists by Proteome Discoverer v1.4 for Mascot database searches (http://www.matrixscience.com). The maximum mass tolerance was set to 10 ppm for precursor ions and 0.05 Da for fragment ions.

2.5. Cell culture

Human alveolar epithelial A549 cells were obtained from the American Type Culture Collection and cultured in RPMI containing 10% foetal bovine serum, penicillin and streptomycin. The cells were incubated in air at 37(C, 95% humidity and 5% CO2.
2.6. Cell treatment

In the in vitro experiments, A549 cells were seeded onto surface-treated, 24-well transwells at a density of 1 ( 105 cells/ml and incubated for 24 h (1 x 105 cells/well; BD Biosciences, UK). The RPMI medium was removed before adding 300 μl of sample (SWNT suspension, DWNT suspension, SWNT supernatant or DWNT supernatant) prepared in BSA-free or BSA solution at a particle concentration of 0, 50 or 150 μg/ml. The cells were then incubated at 37(C for 4 h in a humidified atmosphere with 5% CO2. Each experiment was conducted in quadruplicate. The media were collected and used to monitor the levels of IL-6, IFN-γ and TNF-α post-exposure. The concentrations of SWNTs and DWNTs were chosen to produce inflammatory and immune effects in BSA and PBS (>80% cell viability), according to criteria described previously 


[24-25] ADDIN EN.CITE .

2.7. Determination of IL-6, IFN-γ and TNF-α levels

An ELISA (BD OptEIATM set, BD Biosciences, USA) was used to determine the IL-6, IFN-γ and TNF-α levels according to the manufacturer’s instructions.

2.8. Animals

To investigate the effects of particles on pulmonary epithelial lining fluid, fresh BALF was used to determine the ability of BALF proteins to bind to particles and to identify the types of BALF proteins that bound to particles. BALF samples were obtained from 8-week-old healthy female BALB/c mice (BioLASCO, Taipei, Taiwan). The animals were maintained at a consistent temperature and a relative humidity of 22±2(C and 55±10%, respectively, on a 12-h light/dark cycle. All animal experiments were performed in compliance with the animal and ethics review committee of the Laboratory Animal Centre of the National Taiwan University, Taiwan (IACUC Approval No.: 20120074).

2.9. Particle and protein binding assay
SWNT and DWNT suspensions were freshly prepared at 1,000 μg/ml in BALF, vortexed and sonicated for 30 s. The protein-particle mixtures were vortexed and incubated at 37(C for 2 h under constant rotation at 500 rpm to ensure thorough mixing. The samples were separated into two fractions by centrifugation at 1,200 rpm: supernatant (unbound protein) and pellet (protein bound to particles). Particle-free BALF was used as a negative control and was treated in the same manner as the protein-particle mixtures throughout the processes. All experiments were performed in triplicate. The unbound protein and protein-particle samples were incubated in the presence of sample buffer (80 mM sodium dodecyl sulphate (SDS), 75 μM SDS, 1.25% β-mercaptoethanol, 10% glycerol and 62.5 mM Tris-HCl pH 6.8) and heated at 95(C for 10 min. The sample buffer was prepared according to the procedure described by Ehrenberg et al. (2009)[21]. Aliquots of the samples were loaded onto 12% gels for SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The electrophoresis gels were stained with Coomassie Brilliant Blue and imaged using VisionWorks software (Ultra-Violet Products Ltd., UK). The images were then analysed by densitometry using ImageJ software [26].

2.10. In-gel protein digestion

BALF proteins of interest were excised from the polyacrylamide gel, destained by incubation in destaining buffer (40% acetonitrile containing 25 mM ammonium bicarbonate) and dried in a SpeedVac concentrator. The gel pieces were then swollen in 30 μl of 25 mM ammonium bicarbonate buffer containing 0.03 mg/ml modified sequencing-grade trypsin (Promega, USA) and incubated overnight at 37°C. The tryptic peptide mixture was extracted from the gel with 100 μl of 0.1% trifluoroacetic acid (TFA) and 100 μl of 0.1% TFA containing 60% acetonitrile, and the combined extracts were then lyophilised. These analyses were described in a previous study 


[27] ADDIN EN.CITE .
2.11. MS and protein identification

The tryptic peptides were dissolved in 0.1% FA containing 2% acetonitrile and analysed using a QSTAR™ XL Q-TOF mass spectrometer (Applied Biosystems, USA). Peptide separations were performed on-line with MS by nanoflow liquid chromatography (Dionex Ultimate 3000; Thermo Scientific, USA). The samples were injected in a 6 μl volume of the starting mobile phase (2% acetonitrile in 0.1% formic acid) at a flow rate of 300 nl/min into the nanoACQUITY LC system with a 75 μm × 15 cm C18 column. The samples were loaded for 5 min before switching the sample loop out of the flow path and decreasing the flow to 200 nl/min. The peptides were then separated by gradient elution at 200 nl/min for 80 min. Each scan cycle consisted of a full-scan MS over a mass range of 400–1600 m/z, followed by the selection of the 10 most intense peaks. MS/MS spectra were acquired in the collision-induced dissociation mode. Proteins were identified using the MASCOT search engine (http://www.matrixscience.com) with the National Centre for Biotechnology Information and UniProt database prediction and literature search. These analyses were described in a previous study 


[27] ADDIN EN.CITE .
2.12. Protein functional analyses

The expressed BALF proteins bound to the particles were subjected to functional pathway analyses using the Protein ANalysis THrough Evolutionary Relationships (PANTHER) classification system (http://www.pantherdb.org/) to better understand the biological context of the identified proteins, their connection to disease pathology and their participation in physiological pathways 


[28-29] ADDIN EN.CITE . The UniProt accession database was used to access the data corresponding to the expressed BALF proteins (bands 1 and 2) identified in this study, which were uploaded and mapped against the Mus musculus reference dataset to extract and summarise the functional annotation associated with individual genes/proteins or groups of genes/proteins and to identify related biological processes, molecular functions and important pathways.
2.13. Statistical analysis

Statistical analyses were performed using GraphPad Version 5 for Windows. The Mann-Whitney U-test was used for comparisons between groups 


[30] ADDIN EN.CITE . The significance criterion was set at p<0.05.
3. Results
3.1. Particle characterisation

SWNTs and DWNTs were used to investigate the interactions between BSA and NTs, consequent BSA modification and biological responses. There were no significant differences in the long-length morphology of NTs and protein-nanoparticle conjugates, which retained their morphological features (SWNTs, Figures 1a and 1b; DWNTs, Figures 1d and 1e). The HRTEM images showed that the average diameter of the SWNTs was 1.5－1.7 nm, with a 0.8-nm inner diameter (Figure 1c), whereas the DWNTs had a 3.3-nm diameter on average, with a 1.2-nm inner diameter (Figure 1f). To determine chemical alteration post-treatment with BSA, a ternary diagram was used to determine the C-O-N ratio changes of SWNTs and DWNTs before and after treatment with BSA using SEM-EDX analysis (Figure 1g). BSA served as the protein control. The C-O-N ratios of the SWNTs/DWNTs and protein-SWNT/DWNT conjugates revealed that the O-N ratios increased in NTs after the addition of BSA.
To investigate the dispersibility of SWNTs and DWNTs in BSA solution, the hydrodynamic diameters were determined in 1 mg/ml suspensions of DEP and CB with or without BSA (Figure 1h). A slight decrease in the hydrodynamic diameter of the SWNTs was observed when BSA was added (from 246±28 nm to 235±11 nm), whereas a significant decrease in the hydrodynamic diameter of the DWNTs was observed following the addition of BSA (from 241±10 nm to 198±19 nm; p<0.05). The addition of BSA resulted in particle dispersal, which reduced the hydrodynamic diameters of SWNTs and DWNTs 1.05−1.23 times. The zeta potentials of SWNTs and DWNTs alone and the BSA-SWNT/DWNT conjugates were determined, as shown in Figure 1i. The zeta potentials of SWNTs and DWNTs dispersed in −0.4 mV deionised water were −8.7 and 8.2 mV, respectively, and these values were significantly decreased, to −19.3 and −20.4 mV, respectively, after the addition of −15.4 mV BSA (p<0.05).
3.2. Investigation of BSA modification and binding using LC-MS

To investigate BSA modification following SWNT or DWNT exposure, we first collected supernatants (obtained from 1,000 μg/ml SWNT or DWNT suspension) for LC-MS analysis. The mass spectra of the BSA control and SWNT and DWNT supernatants are presented in Figure 2. We deconvoluted the mass spectra, which revealed that the protein molecular weights in the BSA control and SWNT and DWNT supernatants were 66,427 Da, 66,427 Da and 66,428 Da, respectively. This finding suggested no significant difference in the molecular weight of BSA with and without SWNT or DWNT addition.
To further investigate BSA binding to SWNTs and DWNTs, the trypsin-digested peptides from the BSA control and SWNT and DWNT pellets were analysed using LC-MS and the Mascot database (Figure 2). The protein sequence coverage of BSA was 73%; however, only 4% and 13% protein sequence coverage values were detected for the protein-SWNT and protein-DWNT conjugates, respectively. The results suggested that the binding of protein to DWNTs was higher than to SWNTs.

3.3. Effects of BSA and SWNT or DWNT interaction on IL-6, IFN-γ and TNF-α production

SWNT and DWNT suspensions with or without BSA and the corresponding supernatants were added to A549 cells. Generally, dose-dependent responses of IL-6, IFN-γ and TNF-α levels were observed after SWNT or DWNT suspension exposure (with or without BSA; Figure 3). However, there was no significant effect on IL-6, IFN-γ and TNF-α production post-exposure to SWNT or DWNT supernatant. In a comparison between suspension samples with and without BSA, the IL-6 levels were significantly elevated, to 4.8-times higher (for 50 μg/ml) and 6.2-times higher (for 150 μg/ml), for SWNTs with BSA (p<0.05 compared with the corresponding samples without BSA), whereas the IL-6 levels were significantly increased, to 1.5-times higher (for 50 μg/ml) and 4-times higher (for 150 μg/ml), for DWNTs with BSA (p<0.05 compared with the corresponding samples without BSA). There was no significant effect of SWNT or DWNT suspensions with or without BSA on IFN-γ production, except for DWNTs with or without BSA at 150 μg/ml (p<0.05). When comparing the SWNT and DWNT suspensions’ effects on TNF-α levels, we observed lower TNF-α production for suspension samples with BSA than without BSA.

3.4. Identification of BALF protein binding to SWNTs and DWNTs

The biological interactions between BALF and SWNTs or DWNTs were studied. The protein mass ratio was used to evaluate protein bindability. BALF samples interacting with SWNTs or DWNTs displayed two significant bands of approximately 70 kDa (band 1) and 55 kDa (band 2) (Figure 4a). A significant difference in protein bindability between SWNTs and DWNTs was observed based on band 1: 10% for SWNTs and 47% for DWNTs (Figure 4b). Consistently, 13% and 46% of BALF protein in band 2 was bound to SWNTs and DWNTs, respectively. Together, the results showed that DWNTs exhibited higher protein bindability than did SWNTs.

BALF proteins that were unbound or bound to SWNTs or DWNTs were identified in bands 1 and 2 (Table 1). Carboxylesterase, contrapsin, mCG9583 isoform CRA-a, serum albumin, serum albumin precursor and transferrin were identified among the unbound and bound proteins in band 1, with the exception of serum albumin precursor bound to SWNTs. Alpha-1 protease inhibitor 2, alpha-1-antitrypsin 1-4 precursor, serpina lb protein, serum albumin and serum albumin precursor were observed among the unbound and bound proteins in band 2. Alpha-1 antitrypsin precursor and the immunoglobulin heavy-chain variable region were only observed among unbound proteins after SWNT or DWNT treatment, respectively. Alpha-1-antitrypsin 1-1 precursor was observed among unbound and bound SWNT and DWNT samples, except for bound DWNTs. Alpha-1-antitrypsin was found among bound SWNTs and unbound DWNTs, whereas alpha-1-antitrypsin 1-5 precursor was found among unbound and bound SWNTs.

3.5. Functional pathway analyses of BALF proteins bound to SWNTs or DWNTs
Functional pathway analyses were performed with the BALF proteins bound to SWNTs or DWNTs using gel-based and MS-based analyses to understand their biological context. PANTHER analysis was used to examine the protein functions in biological processes, molecular functions and pathways. These proteins were associated with eight biological processes (Figure 4c): cell communication (9%), cellular processes (9%), transport (4%), system processes (11%), the response to stimuli (9%), developmental processes (9%), metabolic processes (33%), cell adhesion (9%) and immune system processes (9%). There were four molecular functions involved in BALF-SWNT/DWNT interaction (Figure 4c), which were binding (45%), receptor activity (3%), enzyme regulator activity (31%) and catalytic activity (21%). The results revealed that the identified proteins participated in blood coagulation pathways.
4. Discussion and conclusions
NTs have unique physical and chemical properties that offer promising advances in a wide range of industrial and medical applications. The toxicological effects post-exposure to NTs have been increasingly investigated, suggesting that the physicochemical characteristics play a critical role in regulating NT bioreactivity. NTs often present aggregation or agglomeration in the air and liquid phases. Recently, increasing numbers of studies suggest using BSA to disperse and stabilise NTs in in vitro and in vivo studies 


[8, 31] ADDIN EN.CITE . Increasing evidence shows that protein binds to nanoparticles and alters the particles’ physical characteristics and bioreactivity 


[9, 15-16, 26, 32] ADDIN EN.CITE . However, few studies have investigated the effects of protein-nanoparticle interactions on the macromolecular level and the biological consequences. Furthermore, the effects of current protein dispersal methods on toxicological examination remain unclear. Kocbach and colleagues (2008) have reported that protein-bound particles could result in misinterpretation of in vitro results 


[33] ADDIN EN.CITE . Investigating the interactions of NT physicochemistry with biomolecules is required for the biological and medical applications of NTs. The experimental findings of the present study revealed that SWNTs and DWNTs were well dispersed by BSA, without modification of their morphology, suggesting that the BSA-SWNT/DWNT interaction resulted in a reduction of aggregation (reduced hydrodynamic diameter) and an increase in particle stabilisation (increased absolute zeta-potential values). There was no significant BSA modification by SWNTs or DWNTs in the supernatant fraction. Based on the protein sequence coverage and SDS-PAGE results, DWNTs exhibited higher binding to protein than did SWNTs. BSA in SWNT and DWNT suspensions increased cellular IL-6 levels and reduced TNF-α levels compared with the corresponding samples without BSA. We next determined the effects of SWNTs and DWNTs on pulmonary protein modification using mouse BALF as a surrogate. The BALF proteins bound to SWNTs (13 proteins) and DWNTs (11 proteins), suggesting that the identified proteins were associated with blood coagulation pathways. The main findings in the present study show that BSA is a dispersant that reduces particle aggregation/agglomeration and stabilises particles for toxicological preparation; however, protein binding could result in misinterpretation of in vitro results. Furthermore, the present study illustrates that SWNTs and DWNTs can react with lung proteins, leading to the activation of protein-regulated biological responses in the lungs.
A detailed analysis of the physicochemical characteristics of SWNT and DWNT samples under experimental conditions is an important step for understanding their toxicological potential [34]. In the present study, hydrophobic carbon-based SWNTs and DWNTs were used. A carbon-based substance is critical for reducing the inherent bioreactivity of NTs with biomolecules [26]. First, we investigated the morphology of SWNTs and DWNTs with and without BSA and found no significant difference in the morphological and structural modifications by BSA but an increase in the oxygen and nitrogen ratios. Alterations in the carbon, oxygen and nitrogen proportions implied that BSA interacted with SWNT and DWNT samples, but their bindability needs further investigation (discussed below). The particles used in this study had an unstable nature when dispersed in water. We observed that SWNT and DWNT aggregates were slightly dispersed into smaller sizes in BSA solution, with higher absolute zeta-potential values. Consistently, previous work has shown BSA is a good dispersant for disaggregating nanoparticles for toxicological testing 


[8, 11] ADDIN EN.CITE . A previous study showed that the hydrophobicity and surface charge of nanoparticles play an important role in regulating binding to protein and stability [35]. The possible mechanisms underlying the stability of SWNT and DWNT dispersion in BSA solution are associated with electrostatic repulsion [36]. The surface charge results from an electric double layer, consisting of two layers of oppositely charged ions on the particle surface, when NTs with a charged surface are dispersed into an aqueous solution. The first layer consists of ions adsorbed directly on the surface due to electrostatic forces, hydrogen bonds, coordination bonds and Van der Waals interactions, whereas the second layer consists of ions that are weakly bound to the particle surface via electrostatic forces exerted by free ions that are not rigidly attached to the particle surface [35]. Such a second layer could provide a platform to bind to protein. BSA coats the NT surface due to “surface forces”, forming a thin protein layer on the particles, which is supported by the results of a previous study [37]. However, the effects of such a protein coating on NTs on alterations in SWNT and DWNT toxicity remain unclear.
To clarify the biological effects of BSA-SWNT/DWNT conjugates, it is important to understand the biological role in dispersion solutions. First, supernatant fractions from SWNT and DWNT suspensions were used to investigate unbound BSA modifications by NTs via LC-MS. Our results showed no significant protein modification caused by the SWNTs or DWNTs in the supernatants. This finding suggested that the interaction of BSA with NTs did not modify the protein structure. Next, pellet fractions from SWNT and DWNT suspensions were used to investigate the interaction of BSA with SWNTs and DWNTs via LC-MS, and the results suggested that DWNTs exhibited higher bindability than did SWNTs. This is the first study to attempt to investigate relative protein binding to SWNTs and DWNTs using LC-MS. However, further work is required to quantify the binding results.

We then added SWNT or DWNT suspensions and their corresponding supernatants to lung alveolar epithelial A549 cells to assess the production of pro-inflammatory and immune mediators, such as IL-6, IFN-γ and TNF-α. Alveolar epithelial cells actively participate in host defence to protect underlying tissues from desiccation, toxic challenge and physical trauma. Furthermore, these cells produce and respond to a variety of cell signalling pathways, eicosanoids, cytokines and growth factors, which form a complex network regulating inflammatory and immune responses that has been commonly used for toxicological investigation 


[38-41] ADDIN EN.CITE . The SWNT and DWNT supernatant results showed that there was no significant alteration in IL-6, IFN-γ or TNF-α levels after treatment with or without BSA, which was confirmed by our LC-MS findings, suggesting no protein modification in SWNT or DWNT supernatants. Notably, we found that BSA-coated SWNTs and DWNTs both increased IL-6 levels and reduced TNF-α levels compared with the corresponding BSA-free samples. This finding could be due to the activation of signalling pathways via transcription factors, which then initiate the production of major pro-inflammatory mediators, such as IL-6. Inflammation is defined as a nonspecific protective reaction of vascularised tissue to injury and is a critical step in the innate immune response, which leads to the removal of harmful stimuli and to the initiation of the healing process. We observed that SWNT and DWNT suspensions containing BSA reduced TNF-α levels compared with the corresponding samples without BSA. A previous study showed that incubation of human artery endothelial cells with BSA significantly inhibited TNF-α-induced mRNA expression 


[19] ADDIN EN.CITE . This finding may partially explain the observed reduction in TNF-α levels by BSA-coated SWNTs and DWNTs, but further studies are required to investigate the underlying mechanisms.
The evaluation of the pulmonary toxicity of respirable materials commonly involves exposure of animals via inhalation. This protocol provides a natural route of entry into the host and, as such, is the preferred method for the introduction of toxicants into the lungs. To understand the effects of SWNTs and DWNTs on protein regulation in pulmonary epithelial lining fluids, BALF was combined with SWNTs or DWNTs. Consistent with the LC-MS results (interaction with BSA), the SDS-PAGE results showed that DWNTs exhibited higher binding to BALF proteins than did SWNTs in the two bands. This finding could be the result of different surface charges between SWNTs and DWNTs. For example, we observed that SWNTs had negative zeta-potential values in the solution without BSA, whereas DWNTs had positive zeta-potential values. We observed 13 and 11 BALF proteins that interacted with SWNTs and DWNTs, respectively. Protein binding to SWNTs and DWNTs is highly selective because of the many proteins in BALF, very few proteins bound to the NT samples. Such an observation was also reported for plasma protein combined with NTs 


[42] ADDIN EN.CITE . We found that carboxylesterase, contrapsin, mCG9583 isoform CRA-a, serum albumin, transferring, alpha-1-antitrypsin and serpina lb protein were the proteins that commonly bound to SWNTs and DWNTs. To understand the roles of the identified proteins in biological processes and molecular functions, PANTHER analysis tools were used in the present study. We found that metabolic processes were dominant in biological processes, whereas binding and enzyme regulator activities were mainly identified among molecular functions. These biological processes and molecular functions are associated with blood coagulation pathways. A previous study showed that SWNT exposure increased procoagulant activity and reduced fibrinolytic activity in rats [5]. Meng et al. (2012) showed that NTs affected the blood coagulation process and clots’ mechanical properties 


[43] ADDIN EN.CITE  A similar result was observed for SWNTs and DWNTs that were associated with systemic inflammation and coagulatory disturbance in mice 


[44] ADDIN EN.CITE . Based on the macromolecular evidence, we provide a better understanding of the roles of BALF proteins in the response to SWNTs and DWNTs. Furthermore, our findings are consistent with the results of previous in vivo and in vitro studies that revealed that SWNTs and DWNTs are associated with blood coagulation after exposure.
In this study, we investigated the application of BSA in assessing NT toxicity in vitro and potential interactions of pulmonary lining fluid proteins with NTs. Physicochemically, [35]particle-protein interactions may reduce particle aggregation and increase particle stability, without morphological modification. Biologically, no alteration in BSA structure in the supernatant fraction was observed, but BSA-SWNT/DWNT conjugates could result in misinterpretation of NT toxicity in vitro. Furthermore, we identified mouse BALF proteins that were associated with blood coagulation pathways. Our findings provide a broader understanding of protein interactions with SWNTs and DWNTs in vitro and in vivo, which depends on knowledge of the fate of particles at the molecular level.
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Table Legends
Table 1. BALF proteins unbound (supernatant) and bound (pellet) to SWNTs and DWNTs. The identified proteins were divided into two groups (i.e., bands 1 and 2) based on their molecular weights, as analysed by SDS-PAGE.
Table 1.
	Protein name
	SWNT
	DWNT

	
	Unbound
	Bound
	Unbound
	Bound

	Band 1

	Carboxylesterase
	V
	V
	V
	V

	Contrapsin
	V
	V
	V
	V

	mCG9583, isoform CRA-a
	V
	V
	V
	V

	Serum albumin
	V
	V
	V
	V

	Serum albumin precursor
	V
	
	V
	V

	Transferrin
	V
	V
	V
	V

	Band 2

	Alpha-1 antitrypsin precursor
	V
	
	
	

	Alpha-1 protease inhibitor 2
	V
	V
	V
	V

	Alpha-1-antitrypin 1-1 precursor
	V
	V
	V
	

	Alpha-1-antitrypsin
	
	V
	V
	

	Alpha-1-antitrypsin 1-4 precursor
	V
	V
	V
	V

	Alpha-1-antitrypsin 1-5 precursor
	V
	V
	
	

	Immunoglobulin heavy chain variable region
	
	
	V
	

	Serpinalb protein
	V
	V
	V
	V

	Serum albumin
	V
	V
	V
	V

	Serum albumin precursor
	V
	V
	V
	V


Figure Legends
Figure 1. SEM photographs of long-length carbon NTs for (a) SWNTs alone, (b) BSA-SWNT conjugates, (d) DWNTs alone and (e) BSA-DWNT conjugates. The microstructures of (c) BSA-SWNT conjugates and (f) BSA-DWNT conjugates were investigated using HRTEM. (g) Ternary diagrams of C-O-N EDX data for SWNTs and DWNTs (n=4) with (+) and without (−) BSA treatment, as determined using SEM under consistent conditions. The results indicated that the O-N ratios increased after the particles were treated with BSA. Alterations in (h) hydrodynamic diameter and (i) zeta potentials with (+) and without (−) BSA treatment (n=5). The values are the means ± SD; * p<0.05.
Figure 2. Mass spectra of the BSA control, SWNT supernatant with BSA and DWNT supernatant with BSA.
Figure 3. A549 cells were exposed to SWNT and DWNT supernatants and suspensions with and without BSA. The endpoints were assessed after exposure for 4 h. IL-6, IFN-γ and TNF-α levels were determined using suspensions with 0, 50 and 150 μg/ml NTs. The values are the means ± SD (n = 4); * p<0.05.
Figure 4. Protein expression profiles with BALF and particle interactions. (a) 1-D gel patterns of BALF-SWNT/-DWNT supernatants (unbound) and pellets (bound) were determined. (b) Protein bindability is presented as the percentages of BALF in bands 1 and 2. Values are the means ± SD; n = 5; * p<0.05. (c) Biological process and molecular function associated with the BALF-SWNT/-DWNT conjugates in BALF, which were obtained using PANTHER analysis.
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Fig. 1
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Fig. 2
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Fig. 3
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