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Abstract

We compared the use of bovine serum albumin (BSA) and Pluronic F108 (PF108) as dispersants

for multi-walled carbon nanotubes (MWCNTs) in terms of tube stability as well as pro-fibrogenic

effects in vitro and in vivo. While BSA-dispersed tubes were a potent inducer of pulmonary

fibrosis, PF108 coating protected the tubes from damaging the lysosomal membrane and initiating

a sequence of cooperative cellular events that play a role in the pathogenesis of pulmonary

fibrosis. Our results suggest that PF108 coating could be served as a safer design approach for

MWCNTs.
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The assessment of single-wall (SW) and multi-wall (MW) carbon nanotube (CNT) toxicity

is of considerable importance due to their widespread industrial use and the possibility that

this could lead to human exposure in occupational and consumer settings.1–4 Although no

human disease can be attributed to CNTs at present, experimental data have demonstrated

the propensity of these materials to generate frustrated phagocytosis, granulomatous

inflammation, fibrosis, cytotoxicity, oxidative stress and genotoxicity.5–17 Due to the

diversity and complex physicochemical nature of CNTs it has been difficult to get a handle
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on the exact properties that render CNTs hazardous and how to perform safety evaluation

that predicts which material properties contribute to disease pathogenesis.2, 5, 7 While it is

known that the purity, length, wall number, state of aggregation, and surface chemistry of

the tubes play a role in determining hazard potential, there has not been a systematic

dissection of the proportional contribution of each property to the tubes' toxicological

potential.5, 7, 18, 19

We have recently made two important advances that have helped to clarify the role of CNT

aggregation status and the role of the dispersion in toxicological assessment. The first was

the development of a quantitative method to assess MWCNT dispersal by bovine serum

albumin (BSA) plus dipalmitoyl phosphatidylcholine (DPPC), and being able to directly

relate the dispersal state of raw, purified and carboxylated tubes to their fibrogenic potential

in the intact lung20. The second contribution was the development of a predictive

toxicological paradigm that allowed us to dissect the impact of the aggregated and dispersed

tubes on epithelial cells and macrophages and to relate the synergistic cellular responses to

the generation of identical biomarkers that are involved in fibrogenesis in the murine lung.21

More specifically, we demonstrated that better dispersed MWCNTs are more prone to

induce the production of interleukin-1β (IL-1β), transforming growth factor-β1 (TGF-β1)

and platelet-derived growth factor (PDGF-AA) in vitro and in vivo as a result of the change

in cellular bioavailability as well as their ability to trigger IL-1β production through the

NALP3 inflammasome.21–32 These observations have led us to hypothesize that the state of

CNT dispersal is a key factor that determines triggering of synergistic, pro-fibrogenic

responses in macrophages and epithelial cells in the pathogenesis of pulmonary

fibrosis.10, 21, 23, 24

In contrast to the above observations, Dr. Hersam's group and their collaborators

demonstrated that dispersal of HiPco-synthesized SWCNT by Pluronic F108 (PF108)

promotes widespread dissemination of the tubes in the rodent lung.25 However, in stark

contrast to our results with BSA-dispersed tubes, PF108 dispersal was not associated with

pulmonary fibrosis and the tubes were totally cleared from the lung. Although this

difference could be due to the wall number, we regarded this as unlikely and postulated that

the differences reflect the effect of the dispersant on the toxicological properties of the coat

tube surfaces, independent of their state of dispersal.25 We used as-purchased (AP), purified

(PD) and carboxylated (COOH) MWCNTs to perform a comparative study of BSA versus

PF108 dispersal on their pro-fibrogenic effects in vitro and in vivo. We hypothesized that

any possible differences could be explained by these dispersants exerting different effects on

tube bioavailability or damage to the lysosome, which could lead to the activation of the

NALP3 inflammasome and IL-1β production.26, 27 Here, we demonstrate for the first time

that MWCNT dispersal by PF108 leads to differences in bioavailability, cathepsin B release

from lysosomes and IL-1β production in THP-1 cells as compared to BSA-dispersed tubes.

Moreover, these differences were directly comparable to differences in IL-1β and TGF-β1

production and the development of pulmonary fibrosis in the lungs of CB57Bl/6 mice

receiving oropharyngeal tube instillation. These results demonstrate that non-covalent

modification of the MWCNT surface can be used to control the state of dispersion as well as

the bioreactivity that lead to pro-fibrogenic effects. These results have important
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implications for understanding CNT hazard as well as their safer design for use as nano

therapeutics and imaging agents.3

Results and Discussion

Characterization of and dispersal of MWCNTs with PF108

Cheap Tubes Inc. supplied the raw or “as-prepared” (AP) MWCNTs, which served as the

precursor for preparing purified (PD) and carboxylated (COOH) derivatives as described in

our previous studies20, 21. AP-MWCN Ts contained ~5.25 wt % metal impurities from

catalysts, including Ni (4.49 wt %) and Fe (0.76 wt %). PD-MWCNTs were prepared by

purification with dilute acids, chelating agents in mild conditions.21, 28 After purification,

the metal impurity content decreased from 5.25 wt % to 1.88 wt %. Further acid treatment of

the purified tubes resulted in tubes with a carboxyl content of 5.27 % of the carbon

backbone (on a per weight basis). The primary bundle length of these tubes was 5–10 µm.

The major physicochemical characteristics of these MWCNTs are shown in Table 1.

Additional details of the MWCNT characteristics are listed in our previous publications.21

Pluronic® is a non-ionic triblock copolymers composed by two hydrophilic poly (ethylene

oxide) (PEO) chains and an interspersed hydrophobic poly (propylene oxide) (PPO)

domain.29, 30 Previous studies have demonstrated that different polymer lengths, particularly

PF127 and PF108, can achieve excellent CNT dispersal due to their amphiphilic and steric

hindrance effects.25, 29 Because this dispersal depends on the tube dimensions and the

lengths of the polymeric chains, theoretical calculations and experimental data have

confirmed that copolymers with longer hydrophilic segments are better dispersants than

polymers with shorter hydrophilic chains.31–34 For this reason, we chose Pluronic F108,

which exhibits longer PEO blocks than F127 to perform the tube dispersals for this study.29

In order to obtain the best possible understanding of the functional effect of PF108

dispersion, we used two dispersal methods, one in which the MWCNTs are dispersed by

addition of PF108, without further purification, and the second using an additional

centrifugation step to remove tube aggregates and therefore yield purified and more

homogeneously dispersed tubes (Figure 1). The former preparation method, which we

designated as PF108-C or crudely (C) motor dispersed tubes, involved addition of 100 µg of

AP, PD or COOH-MWCNTs to 1 mL of 1% PF108 solution, followed by water bath

sonication for 15 min. In contrast, the homogeneously dispersed (HD) tubes, designated

PF108-HD, were prepared using similar amounts of PF108 and tubes, with the important

difference that these tubes were sonicated with a probe for 1 h at 20% amplitude and then

centrifuged at 32000 g for 30 min for collection of the supernatant. The latter fractionation

procedure removed most of the large bundles and agglomerates as well as the carbon

impurities. It also decreases the average to length of tubes to ~150 nm (Figure 1). In

contrast, the PF108-C tubes were debundled but retained their original lengths in the range

of 1–5 µm. As previously shown, tubes dispersed by BSA plus DPPC were considerably

more tangled and agglomerated than either of the PF108-dispersed tubes (Figure 1). Taken

together, the above dispersal techniques generated a graded series of tube dispersals in

which the dispersal state of PF108-C was intermediary between the BSA-dispersed and the

PF108-HD tubes.
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The mechanism of CNT dispersion is important for understanding the biological differences

between BSA- versus PF108-dispersed tubes.20, 25, 30, 35 While the major effect of the BSA/

DPPC surface coating is steric and electrosteric hindrance,20 the principal effect of PF108 at

physiological pH is to provide steric hindrance.25, 29 This steric effect is dependent on

adsorption of hydrophobic PPO midblock to the hydrophobic tube sidewalls, leading to their

coating in which the hydrophilic PEO end-blocks project away from the tube surface like an

array of brushes.29 This effect is sufficient to overcome the Van der Waals forces that result

in tube bundling and leads to their stable dispersion in aqueous and biological media.29, 30

The high local shear force from sonication contributes to tube dispersal by exfoliating the

bundled ends, allowing additional copolymer adsorption and stable dispersion in aqueous

and tissue culture media.29–31 This is illustrated by determining the state of dispersion of

MWCNTs in RPMI 1640, one of the culture media used in this communication (Figure S1).

Comparison of the suspension stability index of the tubes by following the change in the

optical density of the medium over time, demonstrated that PF108-HD tubes were

considerably more stable than BSA/DPPC or PF108-C dispersed tubes. The suspension

stability could affect the tube bioavailability as well as their bioreactivity.

PF108, different from BSA/DPPC, decreases the pro-inflammatory potential of MWCNTs by
preventing lysosomal damage in phagocytic cells

Because our ultimate goal is to compare the pro-fibrogenic effects of BSA versus PF108

dispersion in the lung, we used a recently developed in vitro platform to gain an

understanding of the cooperation between macrophages and cellular elements of the

epithelial-mesenchymal trophic (EMT) as the basis for pulmonary fibrosis.21 The synergy

between macrophage released IL-1β and TGF-β1 production by the EMT unit plays a major

role in collagen production and deposition in the lung.22, 23 In order to model the events

leading IL-1β production, we used a human monomyelocytic leukemia cell line, THP-1,

which differentiates into a myeloid phenotype in response to PMA/Vitamin D3

treatment.26, 27, 36 THP-1 cells have been used successfully to look at the effect of long

aspect ratio materials, such as asbestos fibers and nano wires, on the induction of IL-1β

release by phagocytic cells.11, 25, 26 This pro-inflammatory response is dependent on

lysosomal damage and the assembly of the NALP3 inflammasome, which is responsible for

pro-IL-1β cleavage and IL-1β release.11,25,26 While exposure of THP-1 cells to MWCNTs

dispersed by BSA/DPPC induced robust IL-1β release into the THP-1 culture medium,

PF108-HD tubes failed to induce a significant response, with PF108-C dispersal leading to

intermediary levels of cytokine production (Figure 2A). The overall abundance of IL-1β

production was higher for AP > PD >COOH-MWCNTs, which reflect differences in their

purity, hydrophobicity, and surface charge, or, of which have been demonstrated previously

to determine bioreactivity.20 Please notice that none of the MWCNT formulations or

different dispersion methods had any effect on THP-1 viability as determined by conducting

MTS (metabolic activity) or LDH release assays (Figure S2A and S2B).

In order to demonstrate the involvement of the NALP3 inflammasome, we used NALP3-

deficient (NALP3−/−) as well as ASC-deficient (ASC−/−)HP-1 cells to demonstrate that gene

knockout leads to abrogation of the IL-1β response to MWCNTs (Figure 2B). The initiation

of this response by long aspect ratio nanomaterials is dependent on lysosomal damage,
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which leads to cathepsin B release and providing a robust signal for assembly of the NALP3

subunits in phagocytic cells.27, 36 The role of cathepsin B was confirmed by using a

cathepsin B inhibitor, CA-074 methyl ester, to show interference in IL-1β production

(Figure 2C). Similar results were found when using the peptide, z-VYAD-fmk, to inhibit the

activity of caspase 1, the NALP3 subunit that is directly involved in pro-IL-1β cleavage

(Figure 2D).

In order to more directly study the effect of the various dispersal methods on lysosomal

injury, we also employed a fluorescent cathepsin B substrate, Magic Red™, to visualize the

localization of this enzyme in THP-1 cells by confocal microscopy. Use of monosodium

urate (MSU) crystals as a positive control demonstrated that the red punctate fluorescence of

Magic Red™, confined to intact lysosomes in non-treated cells, changed to a diffuse red

fluorescence pattern in the cytoplasm upon from the damaged lysosomes (Figure 3A).

Although AP tubes dispersed by BSA/DPPC demonstrated similar ability to induce

lysosomal damage, PF108-HD tubes had no effect, while the PF108-C tubes induced

lysosomal rupture (Figure 3B). Almost identical data were obtained when analyzing PD-

MWCNTs (Figure S3A). While COOH-MWCNTs did not induce cathepsin B release at 4 h

(Figure S3B), there was lesser amount of lysosomal damage at later time points (data not

shown). Thus, the confocal data is in accordance with the IL-1β data.

In order to reconcile these studies with the cellular bioavailability of the tubes, we checked

whether there is a difference in the cellular uptake for the different dispersion methods.

While it was easy to identify BSA- and PF108-C dispersed tubes inside THP-1 cells using

confocal Raman analysis, we could not detect PF108-HD tubes in these cells (Figure 4A and

Figure S4A, S4B). This was confirmed by light optical microscopy of the cells (Figure 4A)

as well as transmission electron microscopy (TEM), which showed little cellular uptake of

PF108-HD tubes whereas BSA- and PF108-C dispersed tubes could be observed in

membrane-lined cellular vesicles in the cell (Figure 4B and Figure S5A, S5B). These results

indicate that different methods of dispersion and different dispersants affect cellular uptake

by a mechanism that still needs to be determined. While the dispersion stability could play a

role in determining contact of non-stabilized tubes with the cells, another possibility is that

steric hindrance of PF108-HD tubes prevents cellular contact and uptake. Instead, BSA/

DPPC coating could provide tube dispersal through electrosteric hindrance until these tubes

make contact with the cell membrane, whereupon BSA could act as a ligand that stimulates

cellular uptake.37, 38 It is therefore interesting that the endocytosis inhibitor, cytochalasin D

could significantly interfere in IL-1β production in BSA-dispersed tubes (not shown).

In addition to possible effects on cellular uptake, consideration also needs to be given to the

role of the different dispersants inside the cell, as demonstrated by the confocal data as well

as the finding that even though PF108-C dispersed tubes are taken up in THP-1 cells, they

induce less IL-1β production than BSA-coated tubes (Figure 2A). While this could reflect a

quantitative difference in the abundance of cellular uptake (which is not easy to quantify),

another possibility is that the PF108 coating may interfere in the bioreactivity of the tubes

inside the lysosome.11 Although it is difficult to directly study tube interactions with the

lysosomal membrane for a molecular explanation, we were able to look at the behavior of

the tubes surface under experimental conditions that utilize a phagolysosomal simulant fluid
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(PSF), which exhibits a pH of 4.5.39, 40 First, we used a semi-quantitative method to detect

available surface for absorption of fluorescein isothiocyanate (FITC), which binds to the

MWCNT surface by π-π stacking and undergoes fluorescence quenching in the process.41

This reaction reflects the excitation of ground-state electrons in FITC to the highest

occupied molecular orbital, following which electron transfer to the CNT conduction band

and then to the ground state leads to energy release in the form of thermal radiation.39

Quantification of the fluorophore quenching is an indirect measure of the available tube

surface for FITC binding.42 Thus, the degree of quenching could be used to provide a

comparison between different coated tubes, but should not be interpreted as accurate

measurement of the total surface area (which changes in response to tube agglomeration).20

For making comparisons, we assumed that the available surface for FITC binding to the

surface AP-MWCNTs in the presence of PBS without any dispersant constitutes the

maximal (100 %) available surface area. Figure 4C and D show the comparative surface area

for FITC binding to AP-MWCNTs that were suspended in PBS or PSF in the absence and

presence of BSA and PF108. This demonstrates that tube dispersal in BSA shows a dramatic

decrease in the available surface area in PBS, but that this effect is partially reversed by PSF

(Figure 4C), likely because albumin (isoelectric point of 4.7) undergoes a conformational

change that leads to its attachment to the tube surface at a pH of 4.5. This would allow the

Van der Waals forces to resume tube agglomeration, and suspension instability as suggested

by the diagram in Figure S6A. In contrast, the relative available surface area for PF108

coated tubes in the presence of PBS is ~ 90% and drops to 60% in PSF (Figure 4D).

However, the state of the tubes' suspendability in PSF likely remains high (Figure S6A),

likely because the polymer attachment remains intact under acidic conditions, with the

added possibility that binding of protons to the terminal PEO hydroxyl groups provide

electrostatic repulsion. All considered, the data from the simulated lysosomal conditions

suggest an important difference in the suspension stability of BSA-coated vs. PF108-coated

tubes. While the former tubes may come out of solution and interact directly with the

lysosomal membrane, PF108 coating may prevent this from happening and therefore serve

to protect the lysosomal membrane. A proposed visual diagram to explain the data is

included in Figure S6B. Similarly, recent studies have shown that SWCNTs coated with

Pluronic as well as bovine fibrinogen also exhibit substantial decreases in

cytotoxicity.25, 43,44

PF108, different from BSA/DPPC, decreases TGF-β1 production in BEAS-2B cells

The epithelial cell is an important component of the trophic cell unit undergoing epithelial-

mesenchymal transition in the lung during development of fibrosis.21, 23 The production of

TGF-β1 by the epithelial cells contributes in synergistic fashion to the establishment of a

matrix synthesis phenotype and collagen synthesis by the participating mesenchymal

cellular elements.22 We chose BEAS-2B cells, a human lung epithelial cell line, to

determine whether the different dispersal methods impact the synthesis of this growth factor

as determined by conducting an ELISA of the supernatant. Assessment of the suspension

stability index indicates that PF108 provides excellent tube stabilization in BEGM compared

to BSA (Figure S7). Similar to THP-1 cells, none of the tubes or dispersants was associated

with cytotoxicity in BEAS-2B cells (Figure S8A and S8B). Although BSA-dispersed tubes

induced TGF-β1 production, PF108-HD tubes did not induce TGF-β1 production (Figure
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S9). PF108-C tubes also induced TGF-β1 production, which was less than the effect of

BSA-coated tubes. COOH-MWCNTs induced little TGF-β1 production irrespective of the

dispersal method. These TGF-β1 data are consistent with the cellular uptake of BSA- and

PF108-C dispersed AP- and PD-MWCNTs in BEAS-2B cells, whereas the COOH-

MWCNTs and PD108-HD tubes were not taken up to any noticeable degree (Figure S10).

Taken together with the IL-1β data, these results show that PF108 coating reduces the pro-

fibrogenic effects of MWCNTs compared to their dispersal by BSA.

Acute oropharyngeal aspiration in mice demonstrates the protective effect of PF108
coating on IL-1β production in the lung compared to BSA

We have previously demonstrated for MWCNTs that the in vitro pro-fibrogenic responses in

THP-1 and BEAS-2B cells accurately reflect their ability to generate similar biomarker

responses in the bronchoalveolar lavage fluid (BALF) of mice receiving oropharyngeal

aspiration.20 Because we have also learned from these studies that IL-1β production in the

intact lung is an early macrophage activation event that precedes the cascade of PDGF-AA

and TGF-β1 production,22–24 we first assessed the effects of the three dispersion methods on

oropharyngeal aspiration of AP-MWCNTs in C57Bl/6 mice at 40 h. We chose an exposure

dose of 2 mg/kg based on the real-life assessment of exposure conditions in a MWCNT

production laboratory as well as our own previous demonstration that this dose falls on the

steep part of the dose-response curve of this particular tube formulation.12,45 Moreover, this

dose could also be reconciled with a surface area dose of 10–100 µg/mL in a tissue culture

dish when expressing the in vivo dose as mass per unit alveolar surface area in the

mouse.21, 46, 47

First, we determined that there is excellent suspension stability of the PF108 coated tubes in

PBS (Figure S11). Forty hours after their oropharyngeal aspiration both PF108-HD and

PF108-C tubes failed to increase IL-1β production in the BALF compared to the untreated

control (Figure 5A). However, both Min-U-Sil (positive control) and BSA-dispersed tubes

increased IL-1β production (Figure 5A). This is in agreement with the THP-1 results (Figure

2A). However, quite different from the THP-1 uptake data, there was good tube uptake in

alveolar macrophages, irrespective of the dispersal method (Figure 5B). The intracellular

presence of the tubes in macrophages was confirmed by confocal Raman microscopy, which

demonstrated the classical Raman peaks for MWCNTs (Figure 5B). The same was also true

for PD and COOH-MWCNTs (not shown). A possible explanation for the differences in the

bioavailability in vitro and in vivo is that the PBS carrier is absorbed or removed after

instillation, allowing the tubes to be deposited in the airways, where they are phagocytosed

by macrophages. We also collected alveolar macrophages from the fluid for staining with

Magic Red™, which demonstrated that there is diffused dye leakage into the cytosol of

animals receiving BSA-dispersed tubes (Figure 5C). However, while the same degree of

lysosomal damage was not obvious in macrophages obtained from the animals treated with

PF108-C and PF108-HD tubes, the lysosomes appeared somewhat bigger than in control

cells (Figure 5C). Nonetheless, this demonstrates the protective effect of PF108 coating is

also carried through to the intact lung and could protect against pulmonary fibrosis.
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Twenty one day post-exposure studies in the mouse lung to compare the fibrogenic
potential of PF108 vs. BSA-coated MWCNTs

The murine experiment was repeated, except that the animals were sacrificed 21 days after

the oropharyngeal inspiration of AP, PD, and COOH-MWCNTs. Examination of the fluid

showed that while there was a significant increase in TGF-β1 (Figure 6A) and PDGF-AA

(Figure 6B) production in response to all the BSA-dispersed tubes, no significant increase

occurred when tubes were dispersed by either of the PF108 coating methods. Moreover, the

PF108-coated tubes also did not increase collagen production in the lung, as determined by

the Sircol collagen assay, while Min-U-Sil (positive control) or tubes dispersed by BSA

could induce a significant effect (Figure 6C). These differences were confirmed by Masson's

trichrome staining, which showed increased collagen deposition around airways and alveolar

spaces of mice receiving BSA-dispersed AP and PD tubes (Figure 7). In contrast, no

trichrome staining was seen in the lungs of animals receiving PF108-dispersed or COOH-

MWCNTs. In agreement with the BAL fluid findings (Figure 5B), macrophages located in

the alveoli or fibrotic lung regions could be observed to contain intracellular CNTs,

irrespective of the type of dispersant (Figure S12). The presence of MWCNTs in these lung

sites was confirmed by confocal Raman microscopy (not shown), confirming that the major

protective effect of PF108 is likely at the subcellular level. Min-U-Sil induced growth factor

production was accompanied by collagen deposition (Figure 6 and 7).

In summary, Pluronic coating not only confers excellent MWCNT dispersion, but also

reduces the pro-fibrogenic effects of these tubes in vitro and in intact animal lungs. The

mechanism of this effect appears to be prevention of lysosomal damage in macrophages as

well as possibly other cell types. PF108 appears to passivate the tube surface by forming a

protective “brush-like” layer that provides steric hindrance and interferes in tube aggregation

as well as damaging interactions with the lysosomal membrane. In contrast, tube dispersal

by BSA plus DPPC provides tube dispersal that do not protect the lysosome, likely because

of the instability of this coating in the acidified, organellar environment. While we do not

understand the exact molecular mechanism by which tubes induced lysosomal membrane

damage, it was possible to demonstrate that BSA-coated tubes leads to cathepsin B release

and IL-1β production in phagocytic cells (Figure S13). In contrast, the PF108 coating

appears to be more resistant to removal from the surface under acidic conditions. These

results suggest that PF108 coating could be used as a safe design approach for MWCNTs

when considering their possible use for biomedical applications such as drug delivery and

imaging. This communication also demonstrates that it is possible to use a predictive

toxicological approach in which the assessment of in vitro effects can be used to project the

in vivo hazard potential of carbon nanotubes.

MATERIALS AND METHODS

Carbon nanotubes and chemicals

The methodology for detailed characterization of MWCNTs is described in the Supporting

Information. Briefly, MWCNT powder was purchased from Cheap Tubes Inc. (Brattleboro,

VT, USA). The starting material is designated as as-prepared (AP) MWCNTs. The
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purification and functionalization of the MWCNTs were accomplished as previously

described.21, 28 Pluronic F108 was obtained from BASF (BASF Corporation, NJ, USA).

Preparation of MWCNT suspensions with BSA/DPPC and PF108

All tubes (AP, PD and COOH-MWCNTs) were obtained as dry powders and prepared in

deionized H2O at 5 mg/mL as stock solutions. For BSA/DPPC dispersal, both dispersants

were added at 0.6 mg/mL and 0.01 mg/mL, respectively, before adding the 5 mg/mL stock

solution. To obtain highly dispersed PF108 tubes, ~33 mg of powder was added to 12 mL of

1% w/v PF108 aqueous solution then sonicated by a Fisher Scientific Model 500 Scientific

Dismembrator for 1 h at 20 % amplitude. These tubes were subsequently centrifuged at

32000 g for 30 min and the supernatant retained as the homogeneously dispersed (PF108-

HD) stock solution. For the cruder stock (PF108-C), we added 20 µL of a 5 mg/mL

MWCNTs stock solution into 1 mL 1% PF108 containing tissue culture media or PBS to

obtain a 100 µg/mL working concentration and then sonicated in a water bath. Detailed

protocols are in supporting information.

Cellular culture and co-incubation with MWCNTs

BEAS-2B and THP-1 cells were obtained from ATCC (Manassas, VA). 1×104 BEAS-2B

cells were cultured in 0.2 mL BEGM in 96-well plates at 37 °C. THP-1 cells were cultured

in RPMI 1640 supplemented with 10% fetal bovine serum. Before MWCNT exposure,

THP-1 cells were pretreated with Vitamin D3 at 150 nM for 18 h and primed with 10 ng/mL

lipopolysaccharide (LPS) to initiate the IL-1β precursor. 2.5×104 primed cells were seeded

in 0.2 mL complete medium in 96-well plates. Following exposure to the tubes for 24 h, the

supernatants from both cultures were collected to measure TGF-β1 or IL-1β by ELISA. This

is described in the supporting information.

Pulmonary exposure effects

Eight-week-old male C57Bl/6 mice were exposed to BSA/DPPC-dispersed, PF108-HD and

PF108-C tubes via oropharyngeal aspiration. Briefly, 2 mg/kg of each type of MWCNT was

instilled at the back of the tongue in 50 µL PBS in anesthetized animals. Control animals

received the same volume of PBS with BSA (0.6 mg/mL) and DPPC (0.01 mg/mL) or 1%

PF108. 5 mg/kg crystalline silica (Min-U-Sil) was used as positive control. The mice were

sacrificed at 40 hours and 21 days, BAL fluid and lung tissue were collected for

measurement of TGF-β1, IL-1β and PDGF-AA levels and performance of Masson's

trichrome staining.48 The detailed methods appear in the supporting information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative transmission electron microscopy (TEM) images of BSA-dispersed,
PF108-C and PF108-HD MWCNTs
Pictures of the AP, PD, and COOH-MWCNTs were taken with a JEOL 100 CX

transmission electron microscope at 80 kV in the UCLA BRI Electron Microscopy Core.

AP: as prepared; PD: purified; COOH: carboxylated; PF-C: PF108-crudely dispersed; PF-

HD: PF108-homogeneously dispersed.
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Figure 2. Comparative effect of the MWCNT dispersants on IL-1β production and NALP3
inflammasome activation in THP-1 cells
(A) THP-1 cells were treated for 24 h with the different dispersed tubes. The supernatants

were collected to measure the IL-1β levels by ELISA. * denotes a p value <0.05, comparing

control to CNT-exposed cells. (B) The involvement of the NALP3 inflammasome activation

was confirmed by using NALP3 deficient (NALP3−/−) and ASC deficient (ASC−/−) HP-1

cells. None of the dispersed tubes induced IL-1β production in NALP3−/− and ASC−/−

THP-1 cells. (C) The cathepsin B inhibitor, CA-074 methyl ester, and (D) the caspase 1

inhibitor, z-VYAD-fmk, were used to demonstrate the involvement of cathepsin B and

caspase-1 in inflammasome activation. * p < 0.05, comparing control to CA-074 methyl

ester or z-VYAD-fmk treated cells; # p < 0.05 comparing control to inhibitor free but CNT

treated cells; ** p < 0.05 for pair-wise comparisons as shown.
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Figure 3. Confocal microscopy demonstrating the effect of different dispersants on cathepsin B
release in THP-1 cells
Lysosomal damage and cathepsin B release were identified by Magic Red™ staining.

THP-1 cells were seeded into 8-well chamber slides and incubated with BSA-dispersed,

PF108-C and PF108-HD AP-MWCNTs at 100 µg/mL in complete RPMI 1640 for 4 h. After

fixation and permeabilization, cells were stained with Magic Red™ (ImmunoChemistry

Technologies), wheat germ agglutinin 633 and Hoechst 33342 dye, followed by

visualization under a confocal 1P/FCS inverted microscope. (A) Use of monosodium urate

(MSU) crystals as a positive control revealed that the punctate red fluorescence of Magic

Red™ in the intact lysosomes of control cells changes to a diffuse red color in cytoplasm as
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a result of lysosomal damage. (B) While BSA-dispersed and PF108-C tubes induced

lysosomal damage, PF108-HD tubes had no effect.
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Figure 4. Assessment of the effect of the different dispersants on THP-1 uptake of AP-MWCNTs
as well as FITC binding to the tubes surface
(A) Confocal Raman microscopy of THP-1 cells to show differences in the uptake of

differently dispersed AP-MWCNTs. Raman spectroscopy was performed at the top, middle

and bottom different cellular planes to compare signal intensities. (B) Representative TEM

images to show the subcellular distribution of the dispersed tubes in THP-1 cells. The

arrows point to tubes localized inside membrane-lined vesicles. Compared to BSA-dispersed

and PF108-C tubes, there was little cellular uptake of PF108-HD tubes in these vesicles. (C

and D) Quenching of FITC fluorescence was used to calculate the comparative surface area

available for binding of this fluorophore to the surface of BSA-dispersed (C) and (D)

PF108-dispersed AP-MWCNTs in PBS or PSF. The available surface of AP-MWCNTs in

PBS without the addition of any dispersant was considered as 100%. The detailed

calculation method is described in supplementary Materials and Methods. * p < 0.05

compared with available surface of AP-MWCNTs in PBS; # p < 0.05 for pair-wise

comparisons as shown; PSF: phagolysosomal stimulant fluid.

Wang et al. Page 22

Nano Lett. Author manuscript; available in PMC 2014 August 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Wang et al. Page 23

Nano Lett. Author manuscript; available in PMC 2014 August 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Wang et al. Page 24

Nano Lett. Author manuscript; available in PMC 2014 August 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. IL-1β production, macrophages uptake and cathepsin B release by AP-MWCNTs
dispersed by BSA or PF108 in the lungs of CB57Bl/6 mice 40 h after oropharyngeal exposure
(A) C57Bl/6 mice were exposed to BSA-dispersed, PF108-C and PF108-HD AP-MWCNTs

at 2 mg/kg by oropharyngeal aspiration for 40 h and BALF collected to determine IL-1β

activity with an ELISA kit. 5 mg/kg Min-U-Sil served as positive control. * p < 0.05

compared with control; # p < 0.05, significant difference between BSA- and PF108-C

dispersed tubes or BSA- and PF108-HD tubes. PF108-C and PF108-HD AP-MWCNTs did

not induce increase of IL-1β production as opposite to significant increase by BSA-dispersed

tubes. (B) The alveolar macrophages (AM) in the fluid were collected by cytospinning and

staining with HEMA 2. There was no difference in AM uptake among these tubes. The

intracellular presence of MWCNTs was confirmed by Raman spectroscopy, using a

Renishaw inVia Raman microscope. (C) Alveolar macrophages were collected from the
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BAL fluid 16 h after the mice were treated with 2 mg/kg of the different dispersed tubes.

The macrophages were added to 8-well chamber slides, following which similar processing

for Magic Red™ staining and performance of confocal microscopy were carried out as in

Figure 3.
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Figure 6. Comparison of the fibrotic effect of differently dispersed MWCNTs 21 days after
oropharyngeal installation
The experiment described in Figure 5 was repeated, except that the mice were sacrificed 21

days after oropharyngeal inspiration of AP, PD, and COOH-MWCNTs dispersed according

to the three different methods. After the animals were euthanized, fluid was collected to

determine TGF-β1 (A) and PDGF-AA (B) levels. (C) Total collagen content of the lung

tissue was determined using the Sircol soluble collagen assay kit (Biocolor Ltd.,

Carrickfergus, UK). * p < 0.05 compared with control, # p < 0.05 when comparing BSA-

dispersed tubes to PF108-C and PF108-HD tubes. There were 6 animals in each group.

Wang et al. Page 29

Nano Lett. Author manuscript; available in PMC 2014 August 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. Collagen deposition in the lung as determined by Masson’s trichrome staining
Lung tissue from the experiment described in Figure 6 was embedded, sectioned and stained

with the Masson’s trichrome. The blue color represents collagen staining. Lungs from Min-

U-Sil exposed animals served as positive control. These lung images show at 100 ×

magnification are representative of the animals in each group.
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Table 1

MWCNT Physicochemical Characterization

Unit AP-MWCNT PD-MWCNT COOH-MWCNT

Diameter nm 20–30 20–30 20–30

Length in H2O (no dispersants) µm 5–10 5–10 5–10

Length (BSA-dispersed) µm 1.97±0.89 2.11±0.81 1.96±0.55

Length (PF108-C) µm 1.16±0.58 1.52±0.86 1.80±0.74

Length (PF108-HD) µm 0.15±0.07 0.14±0.07 0.15±0.01

Size in H2O (no dispersants) nm 527±45 691±71 178±31

Size in H2O (BSA-dispersed) nm 251±58 298±41 171±43

Size in H2O (PF108-C) nm 151±48 197±33 163±42

Size in H2O (PF108-HD) nm 96±7 95±4 77±1

Surface Area m2 g−1 180 513 26

zeta potential in H2O (no dispersants) mV −14.7±0.1 −10.3±1.2 −50.1±2.3

zeta potential in H2O (BSA-dispersed) mV −28.6±0.8 −31.8±1.3 −29.3±1.9

zeta potential in H2O (PF108-C) mV −6.9±1.1 −7.1±1.3 −10.5±1.7

zeta potential in H2O (PF108-HD) mV −4.4±1.7 −5.7±0.8 −11.5±0.9

Elemental Analysis wt.% 4.49% Ni, 0.76% Fe 1.80% Ni, 0.08% Fe 0.18% S

The average length and diameter of the tubes were assessed by TEM microscopy (JEOL 100 CX transmission electron microscope). The
hydrodynamic diameters in H2O were determined using high throughput dynamic light scattering (HT-DLS, Dynapro Plate Reader, Wyatt

Technology). The zeta potential was measured using a ZetaSizer Nano-ZS (Malvern Instruments, Worcestershire WR, UK). The elemental
compositions of the MWCNTs were determined by Energy Dispersive X-ray Spectroscopy (EDS, Oxford Instrument, Oxfordshire, UK). AP: as
prepared; PD: purified; PF: Pluronic F108; C: crudely dispersed; HD: homogeneously dispersed.
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