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Abstract

This study examined the consequences of surface carboxylation of multiwalled carbon nanotubes
(MWCNT) on bioactivity. Since commercial raw MWCNT contain impurities that may affect
their bioactivity, HCI refluxing was exploited to purify raw “as-received” MWCNT by removing
the amorphous carbon layer on the MWCNT surface and reducing the metal impurities (e.g. Ni).
The removal of amorphous carbon layer was confirmed by Raman spectroscopy and
thermogravimetric analysis. Furthermore, the HCI-purified MWCNT provided more available
reaction sites, leading to enhanced sidewall functionalization. The sidewall of HCI-purified
MWCNT was further functionalized with the ~-COOH moiety by HNO3 oxidation. This process
resulted in four distinct MWCNT: raw, purified, -COOH-terminated raw MWCNT, and —-COOH-
terminated purified MWCNT. Freshly isolated alveolar macrophages from C57BI/6 mice were
exposed to these nanomaterials to determine the effects of the surface chemistry on the bioactivity
in terms of cell viability and inflammasome activation. Inflammasome activation was confirmed
using inhibitors of cathepsin B and Caspase-1. Purification reduced the cell toxicity and
inflammasome activation slightly compared to raw MWCNT. In contrast, functionalization of
MWCNT with the —COOH group dramatically reduced the cytotoxicity and inflammasome
activation. Similar results were seen using THP-1 cells supporting their potential use for high-
throughput screening. This study demonstrated that the toxicity and bioactivity of MWCNT were
diminished by removal of the Ni contamination and/or addition of ~-COOH groups to the
sidewalls.
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Introduction

Many properties of nanoparticles depend on their size and shape (Li et al., 2002; Tan et al.,
2003; Zhang et al., 2010). Fiber-shaped (one-dimensional) nanoparticles exhibit different
properties than round-shaped (zero-dimensional) nanospheres (Hamilton et al., 2009; Tafen
etal., 2009; Wu et al., 2010; Zhi et al., 2011). One-dimensional carbon nanomaterials such
as multiwalled carbon nanotubes (MWCNT) find extensive applications in structural and
electronic devices due to their extraordinary thermal conductivity, mechanical properties,
and electrical properties. Surface modification of MWCNT with functional moieties is a key
step to extend their biological and industrial applications. Surface functional groups can alter
the surface charge, functionality, and reactivity of the surface and enhance the stability and
dispersibility of MWCNT. For example, functionalization of MWCNT with the -COOH
moiety can change the wettability of MWCNT from hydrophobicity to hydrophilicity and
provide active sites for further conjugation (Jain et al., 2011). However, “as-received”
MWCNT from commercial vendors generally contain metal impurities (e.g. Ni) and a
surface amorphous carbon layer. The presence of metal impurities and the surface
amorphous carbon jeopardizes the intrinsic optical, electrical, and mechanical properties of
MWCNT and can have undesirable biological activities. In addition, the surface amorphous
layer causes interference with the functionalization on the sidewall of MWCNT (Wang et
al., 2009). Therefore, it is necessary to remove amorphous impurities and residual metals in
order to functionalize the genuine sidewall of MWCNT.

Owing to the unigue physical and chemical characteristics, MWCNT may have distinctive
biological effects (Porter et al., 2010; Wang et al., 2010). In particular, MWCNT
contaminants, particularly Ni, resulting from the production process have been implicated in
the cytotoxicity and bioactivity of single-walled carbon nanotubes (Liu et al., 2007) and
have been shown to contribute to the bioactivity of MWCNT (Hamilton et al., 2012a,b).
Carboxylation of MWCNT can result in a less hydrophobic, more negatively charged
particle, which could affect the mechanism(s) of how cells bind and internalize MWCNT,
and consequently affect bioactivity. For example, studies have demonstrated that many
negatively charged micron-sized particles are taken up by phagocytic cells such as
macrophages using scavenger receptors (Hamilton et al., 2006; Jozefowski et al., 2006),
while the mechanisms of uptake of neutral and positively charged particles are less clear.

Several studies have linked phago-lysosomal permeablization accompanied by cathepsin B
release, which initiates NLRP3 inflammasome assembly, and Caspase-1 activation (Arend et
al., 2008; Martinon et al., 2009; Tschopp & Schroder, 2010). While other more recent
studies have suggested that toxic nanomaterials can initiate this lysosomal damage leading
to NLRP3 inflammasome activation, the exact mechanisms are unkown at this time
(Palomaki et al., 2011; Yazdi et al., 2010). The endpoints in this study, toxicity, NLRP3
inflammasome activation, particle uptake, and Caspase-1 activation, are designed to explore

Inhal Toxicol. Author manuscript; available in PMC 2014 August 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Hamilton et al.

Page 3

the mechanisms with a set of four MWCNT that vary with regards to surface properties by a
series of modifications.

The hypothesis in this study is that these surface modifications, in particular, the addition of
carboxyl groups to MWCNT will reduce or eliminate the bioactivity of the nanomaterials in
macrophages exposed in vitro. The removal of surface amorphous carbon and residual
metals in MWCNT was approached through hydrochloride (HCI) refluxing treatment.
MWCNT were functionalized with the ~-COOH moiety via nitric acid oxidation. Studies of
the bioactivity of the MWCNT were conducted using primary alveolar macrophages (AM)
isolated from C57BI/6 mice and compared to differentiated THP-1 cells with respect to
toxicity and activation of the NLRP3 inflammasome.

Materials and methods

Purification of MWCNT

Typically, 300 mg of “as-received” MWCNT from a commercial source (Stock#: 1231Y]J;
Nanostructured & Amorphous Materials, Inc., Houston, TX) were added to a 250-ml three-
neck flask containing 100 ml of hydrochloride (con. 36.5%) and then sonicated for 30 min.
After being refluxed at 80-90 °C for 4 h, the suspension was naturally cooled down to room
temperature and subsequently centrifuged. The resulting supernatant was removed by
decantation. Black precipitates were washed using deionized water and ethanol, followed by
successive centrifugation and decantation until the pH value reached to 6.0-7.0. The
resulting powders were dried in a vacuum oven at room temperature overnight and then
stored in a vial for use.

Functionalization of MWCNT

Carboxylated MWCNT (COOH-MWCNT) were prepared by refluxing the MWCNT in
HNO3 (con. 63%). Typically, 300 mg MWCNT were added to a three-neck flask containing
100 ml of HNOg3, followed by refluxing at about 110 °C for 12 h. The black solution was
then centrifuged and washed with deionized water to remove HNO3 until the solution was
neutral. The resulting powders were dried at room temperature in a vacuum oven for at least
24 h.

Characterization of MWCNT

The Ni content was measured by inductively-coupled plasma mass spectrometry (ICP-MS;
Santa Fe Springs, Exova, CA). The MWCNT were observed under a JSM-7600F field
emission scanning electron microscope (SEM; JEOL Ltd., Tokyo, Japan) and a JEM 2100
high-resolution transmission electron microscope (HRTEM; JEOL Ltd) at an operation
voltage of 200 kV. The ultraviolet-visible (UV-vis) absorption spectra were collected in the
range of 200-800 nm with a Shimadzu UV-2550 instrument (Shimadzu Co., Kyoto, Japan).
Fourier-transform infrared (FTIR) spectra were obtained under the transmission mode with
Thermo Nicolet 6700 spectrometer (Thermo Nicolet, Madison, WI). Raman spectra were
collected using a Renishaw in Via Raman spectrometer (Renishaw PLC, Gloucestershire,
UK) equipped with the 514.5 nm line of Ar* ion laser as the excitation source.
Thermogravimetric analysis (TGA) was carried out with TGA Q500 (TA Instruments, New
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Castle, DE) from 50 °C to 1000 °C at a heating rate of 10 °C/min under a nitrogen flow at
60 ml/min. The MWCNT were characterized with X-ray photoelectron spectroscopy (XPS)
with PHI 5000 Versa Probe system (ULVAC-PHI, Inc., Chigasaki, Japan). The XPS spectra
were calibrated with the reference to the C 1s peak of aliphatic carbon at 284.8 eV. Fitting of
XPS spectra was performed using PHI Multipak™ software with the Gauss-Lorentz line and
Shirley background subtraction. The surface charge of the MWCNT was measured using the
zeta potential mode of the Malvern Zetasizer Nano ZS (Malvern Instruments Ltd.,
Worcestershire, UK). The “as-received”, purified, and functionalized MWCNT were
dispersed into deionized water by ultrasonication to achieve a suspension of 10 mg/l. Ten
measurements were conducted for all samples, and the average values were reported to
present the results of surface charge.

Experimental procedures

Animals—C57BI/6 (2 months old, male) were housed in controlled environmental
conditions (22+2 °C; 30-40% humidity, 12-h light:12-h dark cycle) and provided food and
water ad libitum. All procedures were performed under protocols approved by the IACUC
of the University of Montana.

MWCNT suspensions—All nanotubes were weighed and suspended in phosphate-
buffered saline (PBS)/7.5% bovine serum albumin (BSA) solution (A8412; Sigma-Aldrich,
St. Louis, MO) as described elsewhere (Buford et al., 2007). Nanotube suspensions were
sonicated for 1 min in a Masonix cup-horn sonicator (XL2020; Misonix, Farmingdale, NY)
attached to a Forma circulating water bath at 550W and 20 Hz at a stock concentration of 5
mg/ml.

AM isolation—Mice were euthanized by sodium pentobarbital (Euthasol™), and the lungs
with the heart were removed. Lung lavage was performed using ice-cold PBS (pH 7.4).
Lung lavage cells were isolated by centrifugation (400xg, 5 min, 4 °C), and cell counts were
obtained using a Coulter Z2 particle counter (Beckman Coulter, Miami, FL).

Cell culture—The AM cells were suspended in RPMI media supplemented with 10% fetal
bovine serum, 0.05mM 2-mercaptoethanol, sodium pyruvate, and supplemented with an
antimycotic/antibiotic cocktail (Mediatech, Manassas, VA). Cells were suspended at 1x108
cells per ml and then lipopolysaccharide (LPS; Sigma) at 20 ng/ml was added to stimulate
pro-interleukin-1f (pro-1L-1p) and pro-1L-18 formation. A 100 pl sample (100 000 cells) of
cells were exposed to each MWCNT (ex: high-dose 100 pg/ml equivalent to 10 ug/10° cells
equivalent to 31.25 pg/cm? (10 pg on 0.32 cm?)) and experiments were conducted in 96-well
plates for 24 h in 37 °C water-jacketed CO, incubators (ThermoForma, Houston, TX).
Particle concentrations ranged from 0, 10, 25, 50, and 100 pg/ml. One experiment used a
cathpsin B inhibitor (CA-074-Me; Peptides International, Louisville, KY) at 10 uM or a
Caspase-1 inhibitor (Ac-Try-Val-Ala-Asp-CMK; AnaSpec, Fremont, CA) at 20 UM, which
were preincubated with the AM for 30 min prior to particle exposure at 50 ug/ml or 15.6
pg/cm? for 24 h. Media was collected for 1L-1p assay, and the cell viability was determined
by MTS assay. Imaging experiments were conducted without the LPS co-culture for shorter
time points (1, 2 and 4 h).
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Toxicity assay

Cell viability was determined by MTS reagent using the CellTiter%6 assay (Promega,
Madison, WI) according to the manufacturer’s protocol. This assay used a colorimetric dye
read by a colorimetric plate reader (Molecular Devices, Sunnyvale, CA). In order to avoid
artifacts in the optical density values, steps were taken to remove the MTS reagent
(transferring it into another plate) from the cell/particle mixture adhered to the plate bottom.
The formation of bubbles was avoided and the plate was read at 490 nm.

Cytokine assays

Mouse and human IL-1p DuoSets were obtained from R&D Systems (Minneapolis, MN),
and enzyme-linked immunosorbent assay (ELISA) was performed according to the
manufacturer’s protocol. Antibodies for mouse and human IL-18 ELISA were obtained from
R&D Systems and performed as previously described (Hamilton et al., 2009). Plates were
read at 450 nm.

Electron microscopy

Isolated AM from C57BI/6 mice were exposed to MWCNT at 50 pg/ml for 1 h in
suspension culture. The cells were washed once in PBS and resulting macrophage
suspensions were fixed in 2.5% EM grade glutaraldehyde in cacodylate buffer at pH 7.2
(Electron Microscopy Sciences (EMS), Hatfield, PA). The cells were then rinsed in distilled
water (dH,0) and resuspended in 1% osmium tetroxide (EMS) for 1 h and rinsed in dH,0.
The cells were dried in a graded ethanol series followed by embedding of the cell pellet in
epoxy resin. Thin sections were stained with 2% uranyl acetate (EMS) for 30 min at room
temperature, rinsed in dH,0, and stained for 5 min with Reynolds lead citrate stain (EMS).
The cells were imaged in a Hitachi H-7100 transmission electron microscope (Chula Vista,
CA) at 75 kV.

Fluorescence microscopy

Fluorescent confocal photomicrographs of lysosomes were obtained in C57BI/6 AM cells
stained with acridine orange (KP31322; 1:1000 Calbiochem (EMD Biosciences, La Jolla,
CA)) £+ MWCNT (50 pg/ml) for 2 h and 4 h in culture on 96-well glass-bottom plates (# O;
MatTek Corp, Ashland, MA). Images were made with an Olympus Fluoview 1000 laser
scanning confocal mounted on an inverted 1X81 microscope with laser excitation (Center
Valley, PA). The processing software was Olympus FV, Version 2.1b (Olympus America
Inc., Center Valley, PA). The acridine orange filter uses 488 nm excitation and a 525-nm
emission wavelength. All images were at 600x, using a 60x oil objective.

Caspase-1 imaging and quantitation
Isolated macrophages were counted and mixed with MWCNT (50 pg/ml) in RPMI media
and plated in eight-well chambered cover slips (Lab-Tek; Fisher Scientific, Houston, TX).
This was incubated for 2 h at 37 °C and FAM FLICA fluorescent Caspase-1 substrate was
added at 2x recommended concentration (Immunochemistry Technologies, Bloomington,
MN). This was incubated for an additional hour. The wells were washed with PBS twice and
HSC blue nuclear mask (Molecular Probes, Eugene, OR) was added in phenol-free RPMI
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media (Sigma) at 1:2000. This was incubated at 37 °C for an additional 10 min before
analysis using a CompuCyte iCys cytometer (Westwood, MA). The Caspase-1 signal was
detected using a 20W 488 nm laser as the excitation source and a PMT detector with a
530/30 nm bandpass filter in front. The nuclear staining was exited with a 50W 405 nm laser
and detected with a 440/30 nm bandpass filter/PMT detector set. The iCys was programmed
to make 0.25 um x-steps on an automated stage using a 40x inverted objective to interrogate
49.5 mm? each step. Regions were defined in each well to include an adequate number of
cells and a scan performed. Individual passes of the 488 nm and 40 nm lasers were used to
avoid any spectral overlap of the two fluorescent signals. A threshold of “blue” fluorescence
was set such that the software draws a contour around the nucleus of the cell. The contour
was then expanded by 22 pixels to include the cytoplasm of the cell. The total relative
“green” fluorescence (pixel by pixel) within the integrated contour was then measured and
sent as electronic pulses to the computer, which converts them to digital signals. Each cell
(as defined by nuclear staining) was plotted on a histogram showing Green Mean
Fluorescent Intensity (MFI), which is the per cell integral (total fluorescence/cell). An
average of 1500 cells were interrogated to get statistical significance. In the instance of
active Caspase-1, a clear “positive” peak emerged and a marker to show percentage of
positive events was drawn, in addition to reporting the overall shift of MFI.

Human THP-1 cell line culturing

Human monocytic cell line THP-1 (obtained from ATCC, Manassas, VA) were cultured at
low passage in the same media described above and under the same conditions (cell
numbers, particle exposures, assays, etc ...), with the exception that the cells were
differentiated 24 h prior to MWCNT particle exposure by the addition of 82 nM phobol 12-
myristate 13-acetate (PMA,; Sigma) as described elsewhere (Hamilton et al., 2012b). The
resulting transformed adherent cells were scraped and washed in PBS (Sigma), centrifuged
at 400xg, and counted as described above. The MWCNT exposure conditions were identical
to those described above.

Statistical analyses

Results

Statistical analyses involved comparison of means using a two-way ANOVA followed by
Bonferroni’s test to compensate for increased type | error. Two-tailed statistical significance
is a probability of type I error at less than 5% (p< 0.05). Statistical power was greater than
0.8. The minimum number of experimental replications was 3. Graphics and analyses were
performed on PRISM 5.0 (Graphpad, La Jolla, CA).

Microstructure and surface chemistry of MWCNT

HCI refluxing was adopted to remove amorphous carbon and the residual Ni catalyst as
shown in the scheme in Figure 1. It is known that a large number of defects exist on the
surface of amorphous carbon, which facilitates relatively easy adsorption of hydroxyl groups
onto it during HCI reflux treatment (Datsyuk et al., 2008). On the other hand, residual metal
catalysts can react with HCI to form metal chloride. HCI is a nonoxidative acid and cannot
introduce oxygen-containing groups, but it can enhance the exposure of amorphous carbon
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encapsulated in graphitic carbon (Datsyuk et al., 2008). Therefore, the hydroxyl group can
be grafted onto the disordered carbon, leading to increased water dispersibility.
Hydroxylated amorphous carbon and nickel chloride will remain in the liquid phase, while
the MWCNT deposit. Based on the above analysis, hydroxylated amorphous carbon and
metal chloride are easily separated from MWCNT by centrifugation and decantation
procedures.

HNO3 oxidation is a common approach that imparts the —COOH functional group onto
MWCNT because of its simplicity and efficiency (Brozena et al., 2010; Feng et al., 2005;
Forrest & Alexander, 2007; Pumera, 2007; Worsley et al., 2009). In light of this, HNO3
oxidation was used to investigate the effect of HCI treatment on the functionalization of
MWCNT. As shown in the Supplemental Section Figure S1(a), “raw” and HCI-purified
MWCNT have poor water solubility. In contrast, after HNO3 oxidation, both carboxylated
forms of MWCNT showed very good water solubility and suspensions are stable for up to
two months. The zeta potential of the purified MWCNT was measured to be —9.76mV while
the ~COOH-functionalized one was —13.8mV. The reason was that the ~-COOH moiety can
be dissociated into negative charge —~COO- due to the low isoelectric point, leading to more
negative surface charge. Supplemental Figure S1(b) shows the UV-vis absorption spectra of
all the MWCNT samples. Both the “raw” MWCNT and HCI-treated samples have
characteristics of van Hove singularities that reflect their unique electronic properties
(Hudson et al., 2004; Long et al., 2008; Peng et al., 2003; Wang et al., 2006; Zimmerman et
al., 2000). However, HNO3 oxidation treatment produced much smoother optical absorption
curves because of the disappearance of van Hove singularities and enhanced water solubility
(Brozena et al., 2010; Datsyuk et al., 2008; Feng et al., 2005).

It can be seen from the SEM images in Figure 2 that either the HCI treatment or HNO3
oxidation caused no observable structure damage to MWCNT, which is essential to maintain
the tubular morphology of MWCNT. Any structural change will affect the mechanical
strength as well as electric and optical performances. However, the TEM images (insets)
reveal that the MWCNT exhibited much clearer tubular structure after HCI purification.

Metallic Ni, which functions as a catalyst during MWCNT production, generally is the main
residual metal in “raw” MWCNT (Worsley et al., 2009). HCI reflux treatment is capable of
partially removing it, which has been confirmed by the ICP-MS measurement. The “raw”
MWCNT contain 2.2 wt% Ni and 0.08 wt% iron (Fe). After HCI treatment, the Ni content
was reduced by 0.96 wt%, and iron was not detected by ICP-MS. After nitric acid (HNO3)
treatment, 0.07% wt% Ni was detected. TGA was performed to investigate the thermal
stability of “raw” and purified MWCNT (Supplemental Figure S2a). NH,OH/H,0,
treatment, which was reported to be an efficient approach for the removal of amorphous
carbon on MWCNT was used as the control experiment (Datsyuk et al., 2008). The onset
temperature of thermal loss for the “raw” MWCNT was 660 °C, which was ascribed to the
thermal oxidation of the amorphous carbon. The HCI-treated MWCNT showed the thermal
loss above 760 °C showing higher thermal stability than the NH4OH/H,O0,-treated and the
“raw” MWCNT. This indicates that the HCI treatment removed the surface amorphous
carbon effectively. To prove this point, Raman spectra were taken of the MWCNT
(Supplemental Figure S2b). Each of Raman spectra consists of the D band and the G band
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positioned at 1346 cm™1 and 1571 cm™1, respectively. The D band is attributed to the
disordered species such as amorphous carbon and the lattice defects, while the G band is
ascribed to the skeletal stretching vibration mode of the graphitic component (SP2 bonding)
(Ferrari et al., 2006). Hence the Ip/lg ratio (peak intensity ratio) reflects the content of
amorphous carbon and the defects in the honeycomb lattice. The Ip/Ig ratio was reduced
after the HCI treatment, which reflects the reduced amount of surface amorphous carbon in
comparison with the “raw” MWCNT. Nevertheless, HNO3 oxidation increased the Ip/lg
ratio, which was due to grafting of the ~-COOH functional groups to the surface of
MWCNT. The sample that was subject to HCI treatment plus HNO3 oxidation had the
highest Ip/lg ratio among all the four types of samples, which indicated that more ~-COOH
groups were present in this sample. This suggests that the HCI treatment enhanced the
sidewall functionalization with the —COOH groups. This point was further supported by
FTIR and XPS results below.

Figure 3 shows the FTIR spectra obtained from “raw”, HCI-treated, HNO3-treated, and
HCI/HNO3-treated MWCNT. Both the “raw” and the HCI-treated MWCNT showed skeletal
vibration of aromatic rings around 1640 cm™1 and 1566 cm™1 (Peng et al., 2003). In
addition, the peaks at 1384 cm™1, 1030 cm™1, and 1200 cm™1 are ascribed to the symmetric
C-H deformation vibration, the C-O stretching vibration, and the C—C deformation
vibration, respectively (Shao et al., 2007). After HNO3 oxidation, the C=0 stretching
vibration appeared at 1722 cm™1 (Lim et al., 2007; Ramanathan et al., 2005; Wu et al.,
2004). Furthermore, the intensity ratio of the 1722 cm™1 peak to the 1566 cm™1 peak was
considerably higher in the HCI/HNOs-treated sample than that in the HNO3-treated
MWCNT, which suggests that HCI refluxing enhanced the sidewall functionalization with
the ~COOQOH groups.

The XPS is a powerful tool to quantify the elemental content and to identify the chemical
structure. The four types of MWCNT exhibited the difference in the XPS spectrum of the C
1s core level (Figure 4). The deconvoluted components of the C 1s peaks at 284.8 eV, 286.2
eV, and 288.5 eV correspond to the -C-C, —-C-OH, and —C=0 bonds, respectively
(Ramanathan et al., 2005). Only two components related to the -C-C and —C-OH bonds
were present in both the “raw” and the HCI-treated MWCNT. In contrast, after HNO3
oxidation of the “raw” MWCNT, the —C=0 peak at 288.5 eV was clearly observed.
Moreover, the HCI/HNO3-treated MWCNT showed an enhanced —C=0 peak, which
demonstrates that more ~-COOH groups were grafted onto the surface of the MWCNT after
HCI refluxing. Therefore, the Raman, FTIR, and XPS data were consistent with each other,
which strongly supports that the HCI treatment enhanced sidewall functionalization due to
the removal of surface amorphous carbon. The above experimental results show that the
nonoxidative HCI reflux can facilitate the functionalization of MWCNT by removing
surface amorphous carbon.

Relative toxicity and bioactivity of modified MWCNT

The four MWCNT were tested to assess toxicity and potential to activate the NLRP3
inflammasome using freshly isolated primary C57BI/6 AM. The toxicity results shown in
Figure 5(a) demonstrate that the functionalized MWCNT were relatively nontoxic compared
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to the raw or purified MWCNT at high particle concentrations (50 pug/ml or greater).
Purification had no apparent effect on toxicity. The results in Figure 5(b,c) show
concentration-dependent inflammasome activation demonstrated by particle-exposed AM
releasing IL-1P and IL-18, respectively. In this assay (IL-1f and IL-18), raw MWCNT
produced the largest response followed by the purified MWCNT, which was significantly
lower than the raw MWCNT at 25 and 50 pg/ml. Both forms of functionalized MWCNT
elicited a significantly muted response compared to either the raw or purified MWCNT.

Blocking of inflammasome activity by Caspase-1 and cathepsin B inhibitors

To clearly demonstrate the role of phago-lysosomal disruption and NLRP3 inflammasome
activation from the MWCNT, all four MWCNT at 50 pg/ml, were cultured with and without
cathepsin B inhibitor CA-074-Me (10 uM) or the Caspase-1 inhibitor Ac-Try-Val-Ala-Asp-
CMK (20 uM), respectively, and 50 pg/ml MWCNT for 24 h (Figure 6). Figure 6(a)
demonstrates that the inhibitors are not effective in reversing the toxicity of the raw or pure
MWCNT. However, the cathepsin B and Caspase-1 inhibitors significantly reduced IL-1f
release from both MWCNT exposures (Figure 6b). The cathepsin B inhibitor was slightly
more effective, completely eliminating the IL-1f release. These data also clearly
demonstrate that cytotoxicity and infammasome activation are unrelated processes with
regard to MWCNT AM exposure, eliminating the possibility of inflammasome-mediated
apoptosis or pyroptosis as a confounding interpretation of the AM response.

Macrophage uptake of MWCNT

To demonstrate that the difference in toxicity and inflammasome activation were not due to
differential uptake of particles, EM images of AM following 1 h of MWCNT exposure were
examined (Figure 7A-F). This examination revealed that all particles regardless of
modification were taken up by the AM. However, there was a difference in how the particles
were processed within the cells. The purified MWCNT were taken up in large vacuoles or
phago-lysosomes (Figure 7B,C; higher magnification) and did not appear to be in the
cytoplasm. In contrast, the two functionalized MWCNT appeared not to be in large vacuoles
but rather were more evenly distributed throughout the cytoplasm in smaller
phagolysosomal structures or absent organization structure (Figure 7D-F; higher
magnification).

Lysosomal disruption in macrophages exposed to raw or purified MWCNT

Since phago-lysosomal rupture, disruption, or possible malformation is an initial step in the
inflammasome activation process from particle exposure (Cassel et al., 2009; Drenth & van
der Meer, 2006; Martinon et al., 2009; Tschopp & Schroder, 2010), AM were stained with
acridine orange to label lysosomes in cells exposed to the purified and functionalized
MWCNT for 2 and 4 h. The results shown in Figure 8(b,e) demonstrated that phago-
lysosomal damage, indicated by the lack of punctate staining, was apparent in AM exposed
to purified MWCNT at both 2 and 4 h post-exposure times. In contrast, AM exposed to
functionalized MWCNT showed discrete punctate staining consistent with intact phago-
lysosome formation (Figure 8c,f) at both observation times, respectively. The macrophage
response to the raw MWCNT and functionalized raw MWCNT particles was exactly the
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same as the corresponding purified MWCNT and functionalized purified MWCNT particles
(data not shown).

Caspase-1 induction in macrophages

Additional evidence of phago-lysosomal disruption leading to NLRP3 assembly was
supplied by staining AM exposed to MWCNT for a down-stream event (Caspase-1
induction) by a fluorescent substrate as described in Methods. Figure 9 shows computer-
generated images of relative Caspase-1 intensity within AM exposed to the various
MWCNT (green color with gated signal in insets). The raw MWCNT-exposed cells (Figure
9B) showed a substantial increase in Caspase-1 staining compared to control cells (Figure
9A). This was not apparent in either of the functionalized MWCNT-exposed cells after 3 h
(Figure 9C,D). The pure MWCNT-exposed cells showed a similar but slightly reduced
Caspase-1 signal (data not shown). These images also show how the AM take up more of
the functionalized MWCNT regardless of purity or how much of the suspended material
actually gets to the cell. This also serves to further suggest that functionalized and raw
MWCNT are taken up by different mechanisms depending on the surface state of the
particles.

Human transformed THP-1 cell confirm the response model to MWCNT

The above studies were performed using primary murine AM (Figures 5-9). In order to
evaluate whether similar results could be obtained using a cell line that could be used for
high-throughput screening, the studies were also performed using PMA-differentiated
THP-1 cells (Figure 10). The results were identical with the exception that the
functionalized MWCNT produced a higher background response, probably due to the PMA
activation of the cell. Nevertheless, the raw and pure MWCNT were significantly more toxic
and produced significantly more IL-1f and 1L-18 compared to the functionalized -COOH
MWCNT particles. This clearly demonstrates that the differentiated THP-1 model is a
potentially important model for accessing the biological activity of nanomaterials. It has the
advantages of generating large cell numbers necessary for a high-throughput assay in
addition to the fact that it is a human model system.

Discussion

As a class of nanoparticles, MWCNT have been shown to cause cytotoxicity in vitro
(Hamilton et al., 2007, 2012a,b; Lam et al., 2006; Patlolla et al., 2010) and granulomas and
fibrosis in vivo using rodent models (Donaldson et al., 2006; Mercer et al., 2010, 2011;
Porter et al., 2010, 2012). However, the mechanisms and physical properties accounting for
their bioactivity remain uncertain. In order to address these questions, utilizing purified
samples and derivatives can help understanding the role that physical properties of MWCNT
play in the bioactivity of nanomaterials. The purpose of this study was to determine the
effects of purification and —COOH functionalization on the bioactivity of MWCNT. In
addition, since the NLRP3 inflammasome plays an important role in the bioactivity of an
increasing number of particles that have now been associated with “sterile inflammation”, in
vitro inflammasome activation in addition to toxicity of the modified MWCNT were
examined. Furthermore, the bioactivity of the ~-COOH functionalized MWCNT were tested
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in vivo using C57BI/6 mice, which are described in a separate manuscript (Sager et al.,
2013).

In vitro toxicity and NLRP3 inflammasome activity results indicated the same relational
pattern among the four MWCNT examined in this study. The raw MWCNT were the most
bioactive followed by the purified, that were much more active than the “raw”
functionalized, followed by the purified and functionalized being the least active. The results
showing that the purified MWCNT had less bioactivity than the “raw” material is consistent
with the previously reported role of metals and in particular Ni on single-walled carbon
nanotubes (Liu et al., 2007, 2008), MWCNT (Hamilton et al., 2012a, b) bioactivity, and a
report of soluble Ni activating the NLRP3 inflammasome (Pietruska et al., 2011). Although
purification of MWCNT had minimal effects on toxicity, the effects on NLRP3
inflammasome activity were significantly different. Characterization of the purified
MWCNT demonstrated that not only was the amorphous carbon layer removed, but also the
Ni content was decreased by 60%. Although it cannot be determined for certain that the
removal of the Ni was solely responsible for the decreased bioactivity of the purified
MWCNT, the results are consistent with that notion, since amorphous carbon by itself has
not been reported to cause toxicity or cause NLRP3 inflammasome activation.

Functionalization of the MWCNT with —-COOH had dramatic effects on both the properties
and bioactivity of the MWCNT. Raw or purified MWCNT resuspend very poorly and form
large agglomerates even when using protein/lipid dispersants. Therefore, the bioactivity is
most likely due to these agglomerates being taken up by macrophages rather than any single
MWCNT. In contrast, the functionalized MWCNT were well dispersed in water and formed
stable suspensions. Furthermore, functionalization of the MWCNT dramatically decreased
bioactivity (toxicity and activation of the NLRP3 inflammasome). The mechanism for the
decrease in bioactivity could be due to the changes in surface properties, better dispersion,
and/or differences in the extent of phagocytosis or mechanism of phagocytosis. Clearly, the
changes in surface properties (hydrophobic to hydrophilic) had a significant impact on
dispersion status. However, macrophages appear to take up both the un-functionalized and
functionalized MWCNT (Figure 8). From these studies, quantitation of the uptake was not
practical, but it did appear that there was a difference in compartmentalization of the
internalized MWCNT. The fact that the functionalized MWCNT maintain a stable
suspension could potentially affect the amount of material that comes in contact with an
adherent cell. However, Figure 9 shows that despite this limitation, more fuctionalized
MWCNT get in to the AM than the raw material at 3 to 4 h. Figure 7 suggests the non-
functionalized MWCNT were present in large phago-lysosomes, while functionalized
MWOCNT appear to be in much smaller phago-lysosomes, but were also present in the
cytoplasm early following exposure. Therefore, the pathways for internalization may be
different for the two types of MWCNT to account for this difference in distribution. Since
both types of MWCNT were taken up by macrophages it would argue that simply taking up
the MWCNT was not responsible for either toxicity or NLRP3 inflammasome activation.

These in vitro studies support the notion, similar to previous results with TiO, nanobelts,
that MWCNT activate the NLRP3 inflammasome through a process involving phago-
lysosomal lysis since the cathepsin B (CA-074-me) and Caspase-1 (Ac-Try-Val-Ala-Asp-
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CMK) inhibitors effectively blocked IL-1f production in Figure 6 (Hamilton et al., 2009).
Whether any relationship exists between cytotoxicity and inflammasome activation is not
clear. Although subtle, the data suggest that cytotoxicity and NLRP3 inflammasome
activation appear unrelated (Figure 6). Studies conducted using THP-1 cells also support the
notion that the two outcomes are unrelated (Figure 10). These results confirm the relative
order of potency of the purified and modified MWCNT and support the notion that
differentiated THP-1 cells may be a useful model to study nanomaterial effects on primary
macrophages.

The effects of two of the nanomaterials used in this study (purified and functionalized) were
compared in vivo (Sager et al., 2013). The in vivo findings were consistent with these in
vitro studies since the functionalized were less bioactive than the purified MWCNT.
Therefore, the in vitro studies were predictive of the in vivo outcomes and the results with
the THP-1 cells were also predictive of the in vivo outcomes. Although many questions
remain in the field of nanomaterial toxicology, the results from these studies suggest that in
vitro studies can be useful in helping to predict in vivo outcomes. Furthermore, these studies
with MWCNT are consistent with the reports using environmental particulates silica and
asbestos (Donaldson et al., 2010; Dostert et al., 2008; Palomaki et al., 2011) and an
endogenous crystal uric acid (Dostert et al., 2008), which determined NLRP3 inflammasome
activation was important in mediating inflammation in vivo. Therefore, in vitro screening for
NLRP3 inflammasome activation should be considered when evaluating potential harmful
effects of new nanomaterials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic illustration of MWCNT purification and sidewall functionalization.
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Figure 2.
SEM images of (a) “as-received” MWCNT, (b) HCI-purified MWCNT, (c) HNO3-treated

MWCNT and (d) HCI/HNO3-treated MWCNT. Insets are TEM images of the corresponding
MWCNT; scale bar: 20 nm.
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Figure 3.
FTIR spectra of “as-received” MWCNT, HCl-purified MWCNT, HNO3-treated MWCNT,

and HCI/HNOg3-treated MWCNT.
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Figure 4.
XPS spectra of the C 1s core level (a) “as-received” MWCNT, (b) HCI-treated MWCNT, (c)

HNO3-treated MWCNT and (d) HCI/HNO3-treated MWCNT.
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Bioactivity of the four MWCNT in the C57BI/6 alveolar macrophage model. Cells were
exposed to 25, 50, or 100 pg/ml of each MWCNT for 24 h with LPS co-culture (20 ng/ml),
and the following endpoints were evaluated: (a) cell viability by MTS assay expressed as
mean+SEM percent relative to unstimulated control cultures, (b) IL-1p production expressed
as mean£SEM, (c) IL-18 production expressed as mean+SEM. Asterisks indicate *p<0.05,
**p<0.01, or ***p<0.001 by Bonferroni’s correction following two-way ANOVA compared
to “raw” at each corresponding concentration. Daggers () indicate comparison to the 0
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pg/ml or baseline condition, with the number indicating the significance level similar to the
asterisks. Sample n=3.
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Figure6.

Blocking inflammasome activation by cathepsin B and Caspase-1 inhibitors. Cells were
preincubated with either cathepsin B inhibitor (Ca-074-Me at 10 uM) or Caspase-1 inhibitor
(Ac-Try-Val-Ala-Asp-CMK at 20 uM) for 30 min prior to particle exposure at 50 pg/ml for
24 h, and the following endpoints were evaluated: (a) cell viability by MTS assay expressed
as mean+SEM percent relative to unstimulated control cultures, (b) IL-15 production
expressed as mean+SEM. Asterisks indicate *p<0.05 or **p<0.01 by Bonferroni’s
correction following two-way ANOVA compared to no inhibitor condition for each
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corresponding particle. Daggers (T) indicate comparison to the control or baseline condition,
with the number indicating the significance level similar to the asterisks. Sample n=3.
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Figure7.
Representative TEM photomicrographs of C57BL/6 alveolor macrophages taking up

MWCNT after 1 h of exposure in culture without the presence of LPS. Black arrows
indicate areas of particle uptake. (A) Unstimulated control macrophage. (B) Macrophage
taking up purified MWCNT, note the descrete lysosome/vacuole formation around the
carbon material. (C) Magnified inset from Figure 7(B) (left arrow) of MWCNT encapsulated
in a discrete lysosome. (D) Macrophage taking up —COOH functionalized raw “as-
produced” MWCNT. The material is more dispersed within the cytoplasm. (E) Macrophage
taking up ~COOH functionalized, purified MWCNT. (F) Magnified inset from Figure 7(D)
(upper left arrow) of funtionalized, raw MWCNT within the alveolar macrophage. The
material distributes within the cytoplasm in the absence of lysosomal formation. All images
taken at 7000x%, except for (C) and (F).
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Figure8.
Representative fluorescent photomicrographs of C57BL/6 alveolor macrophages taking up

MWCNT after 2 and 4 h of exposure in culture, without the presence of LPS, stained with
acridine orange to detect lysosome formation. White arrows indicate cells with lysosomal
stability following MWCNT exposure. (a) No particle control macrophages at 2 h. (b)
Macrophages taking up purified MWCNT at 2 h post-exposure. (¢c) Macrophages taking up
—COOH functionalized purified MWCNT at 2 h post-exposure. (d) No particle control
macrophages at 4 h. () Macrophages taking up purified MWCNT at 4 h post-exposure. (f)
Macrophages taking up ~COOH functionalized purified MWCNT at 4 h post-exposure. The
lack of punctate green staining in (b) and (e) indicate possible lysosomal damage,
malformation, and/or leakage. All images taken at X600 oil.
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Figure9.
Computer generated (iCys) images of C57BL/6 alveolar macrophages exposed to FAM

FLICA green Caspase-1 substrate. (A) No-particle control cells at 3 h. (B) Cells exposed to
raw MWCNT for 3 h. (C) Cells exposed to functionalized raw MWCNT for 3 h. (D) Cells
exposed to functionalized pure MWCNT for 3 h. Green fluorescence indicates Caspase-1
signal. Blue fluorescence is the nucleus. Insets show gated positive signal for Caspase-1
(only present in panel B).
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Figure 10.
Supportive experimental data obtained in the transformed human THP-1 cell line exposed to

MWCNT for 24 h. The results are completely consistent with those found in the mouse AM
cell shown in Figure 7; (a) cell viability by MTS assay expressed as mean+SEM percent
relative to unstimulated control cultures, (b) IL-1p production expressed as mean+SEM, (c)
IL-18 production expressed as mean+SEM. Asterisks indicate *p<0.05, **p<0.01, or
***n<0.001 by Bonferroni’s correction following two-way ANOVA compared to “raw” at
each corresponding concentration. Daggers (1) indicate comparison to the 0 pg/ml or
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baseline condition, with the number indicating the significance level similar to the asterisks.
Sample n=3.
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