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Abstract
There is substantial evidence for toxicity and/or carcinogenicity upon inhalation of pure transition
metals in fine particulate form. Carbon nanotube catalyst residues may trigger similar metal-mediated
toxicity, but only if the metal is bioavailable and not fully encapsulated within fluid-protective carbon
shells. Recent studies have documented the presence of bioavailable iron and nickel in a variety of
commercial as-produced and vendor “purified” nanotubes, and the present article examines
techniques to avoid or remove this bioavailable metal. First, data are presented on the mechanisms
potentially responsible for free metal in “purified” samples, including kinetic limitations during metal
dissolution, the re-deposition or adsorption of metal on nanotube outer surfaces, and carbon shell
damage during last-step oxidation or one-pot purification. Optimized acid treatment protocols are
presented for targeting the free metal, considering the effects of acid strength, composition, time,
and conditions for post-treatment water washing. Finally, after optimized acid treatment, it is shown
that the remaining, non-bioavailable (encapsulated) metal persists in a stable and biologically
unavailable form up to two months in an in vitro biopersistence assay, suggesting that simple removal
of bioavailable (free) metal is a promising strategy for reducing nanotube health risks.

1. Introduction
Most commercial carbon nanotube (CNT) samples contain ultrafine metal particles derived
from the original growth catalyst or support. Over 20 metals have been used as CNT catalysts,
but most commercial samples use formulations that incorporate Fe, Ni, Y, Co, and/or Mo.
Many commercial carbon nanotube samples have been post-processed to reduce metal and/or
amorphous carbon, and to increase the nanotube fraction, but even these “purified” samples
typically contain significant quantities (1.2–14.3%) of residual metal [1,2]. Nanotube
purification technologies continue to improve [3–9], but deep purification can damage tube
structure [10–12] and for the foreseeable future, most CNT samples will contain metals.

Fine metal-containing particles pose known inhalation health risks [13–15], based on studies
concerned with occupational health and safety in the metals industry [16,17] or the health
effects of atmospheric fine and ultrafine particulates [18–20]. Based on these studies, and on
the limited available literature on nanotube toxicity [21–28], there is a real concern that CNT-
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metals will trigger similar mechanisms of toxicity and carcinogenicity. To trigger these
mechanisms, however, requires exposure of the metal surfaces to physiological fluid phases
for biological surface reactions or release of soluble metal into those fluids. Dissolution and
toxicant leaching are important phenomena influencing the biological responses to many types
of fine particles and fibers [29]. Two recent studies examined the bioavailability of CNT iron
[1] and nickel [2] by developing assays for the release of soluble metal ions into physiological
model fluids and applying them to a range of nanotube samples and processing conditions.

A surprising result from those two studies was the existence of measurable bioavailable metal
in each of the “purified” materials supplied by commercial vendors [1,2]. Figure 1 shows
representative data from those studies, in which the commercial purification processes leave
significant bioavailable metal (samples A, B) or even increase bioavailable metal (sample C).
Metal removal steps typically involve acid washing, and the portion not removed is commonly
assumed to be encapsulated within carbon shells and would not be expected to be released
during a bioavailability assay. It is not obvious how acid washing leaves unencapsulated
(bioavailable) metal as implied by Fig. 1. Understanding the origin of bioavailable metal in
“purified” samples is an important first step in the development of purification processes
designed for detoxification.

The present study addresses several questions unanswered by these previous studies:

1. What is the origin of bioavailable metal in “purified” samples?

2. How can purification processes be modified to improve the removal of the
bioavailable metal fraction?

3. If techniques can be developed to remove bioavailable metal, will the remaining,
encapsulated (non-bioavailable) metal be stable during longer-term exposure to
physiological fluids or cells following human exposure?

This last question relates to the biopersistence of the carbon shell structures, and is important
for understanding whether the concept of bioavailable metal removal is sufficient as a practical
detoxification strategy, or if all metal must be removed in order to avoid metal-induced toxicity.

This paper addresses these three questions focusing on nickel and iron in a set of commercial
SWCNTs. We note that some of the samples also contain yttrium, and our preliminary data
indicate that Y is mobilized into solution in a manner similar to Ni and Fe. However,
preliminary cell toxicity studies in our laboratories suggest low toxicity for mobilized Y, so
we choose to focus on Fe and Ni, which are well established pulmonary toxicants [30]. There
is strong motivation to manage nanotube metal release, and the results presented here provide
practical guidance for intelligent post-processing to reduce carbon nanotube health risks and
enable safe commercialization.

2. Materials and Experimental Procedure
2.1 Materials

Seven samples of single-wall carbon nanotubes were purchased from different commercial
vendors. As seen in Table 1, these samples have significant and widely varying metal contents
including the “purified” materials supplied by most vendors. Additional data showing the range
of metals contents in commercial CNTs is given in our previous articles on metal bioavailability
[1,2]. A sample of typical morphologies in as-produced SWCNTs are shown in Fig. 2, which
show mixtures of SWCNT bundles, amorphous carbon, graphitic nanoshells and metal
nanoparticles that are dark under TEM. Vendor purified SWCNTs show a variety of carbon
shell types (empty, metal filled, partially filled), which may imply varying defect densities that
determine the shell fluid protective properties [1,2].
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Ni nanoparticles of nominal particle size 15–25 nm were purchased from Alfa Aesar (Ward
Hill, MA). NiO nanoparticles were prepared by heating the commercial Ni nanoparticles in a
TA Instrument 951 thermogravimetric analyzer (TGA) at 10°C/min followed by a 60 min
isothermal hold at 775°C. TGA residues were characterized on a Bruker AXS D8 Advance X-
ray Diffractometer (XRD) and the all the 5 peaks on the diffraction pattern can be readily
indexed as crystalline NiO (JCPDS 47-1049) (111), (200), (220), (311) and (222) respectively
(data not shown).

Nickel(II) chloride hexahydrate, iron(II) sulfate heptahydrate, sodium L-ascorbate, 2-deoxy-
D-ribose, 2-thiobarbituric acid and trichloroacetic acid were purchased from Sigma Aldrich
Chemical Co. (St Louis, MO) and ferrozine from Aldrich Chemical (Milwaukee, WI). Iron
(III) chloride hexahydrate was purchased from Alfa Aesar Company (Ward Hill, MA).

In this study we use phagolysosomal simulant fluid (PSF) described by Stafaniak et al [32],
which is designed to mimic the chemical environment within phagolysosomes, the intracellular
compartment in which nanomaterials are localized following their internalization by
phagocytosis (Table 2). At the low pH inside lysosomes, we expect the highest dissolution
rates for metal nanoparticles [2].

2.2 Methods
2.2.1 Metal mobilization (bioavailability) assays—Nickel mobilization was measured
by the following procedure: single-wall nanotube suspensions (1.0 mg/ml) were incubated in
various aqueous solutions (DI H2O at pH 7.0, acetate buffer at pH 5.5 or 4.5, or PSF at pH 4.5)
by ultrasonication in a Branson 5510 ultrasonic water bath for 2 hr followed by centrifugal
ultrafiltration (5000 NMWL Amico centrifugal filter devices, Millipore, MA) on a Jouan
CT422 centrifuge (4000rpm, 0.5–1hr) to remove the carbon nanotubes and any free Ni
nanoparticles. The clear nickel ion containing solutions free of any solid particulates were
collected in the bottom and analyzed by a Jobin Yvon JY2000 Ultrace inductively coupled
plasma atomic emission spectrometer. Measurements were made at a wavelength of 221.647
nm and intensities were calibrated using six standards ranging in concentration from 0 to 5
ppm or 0 to 100 ppb depending on the concentration range.

Iron bioavailability was measured by a similar procedure: nanotubes were mixed with buffer
solutions (PSF at pH 4.5 or phosphate buffered saline (PBS) at pH 7.4) at a concentration of
1.0 mg/ml. In some experiments, the Fe2+-chelator ferrozine and the reducant sodium L-
ascorbate were added at 1 mM, and the mixtures were sonicated in an ultrasonic water bath for
2 hours followed by centrifugal ultrafiltration. The Fe-content of the CNT-free filtrates was
also determined by ICP.

2.2.2 Ion adsorption experiments—To determine if soluble metal ions can adsorb on
CNT outer surfaces during or after acid washing, nanotubes or reference carbon materials were
added to metal ion solutions (FeCl3, NiCl2, FeSO4 or CaCl2 in either D. I. water or 3M HCl)
at concentrations between 0.1 to 1 mg/ml and ultrasonicated for 1–2 hours. After sitting at
room temperature from 8 to 24 hrs, the solid particulates were removed by centrifugal
ultrafiltration and the filtrate was analyzed for Fe, Ni, or Ca by ICP.

2.2.3 Acid washing experiments—To target the bioavailable metal, non-oxidizing acids
were used to attack the fluid-accessible metal without damaging the carbon shells and
potentially exposing fresh metal surface. In the search for an optimal treatment protocol, a
variety of times, acid components, concentrations, and post-treatment water wash conditions
were explored. The basic experiments involved one or more primary washes with 3 M HCl in
15 ml centrifuge tubes containing 0.1–1.5 mg CNT/ml, followed by ultrasonication, and
incubation at room temperature for 24 hrs either with or without mechanical shaking. The
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nanotubes were then removed by centrifugal ultrafiltration as above and subjected to one or
more hot or cold water washes (10–40 ml per wash) followed by transfer to clean, dry 20-mL
glass vials and overnight drying at 100 C. In some cases the acid concentration was reduced
gradually in a series of washes from 3M, to 1, 0.3, or 0.1 M before the pure water wash steps.
Selected experiments also used glacial acetic acid in the primary acid washing step.

2.2.4 Flow-through assay for longer-term stability (biopersistence) of carbon-
coated metal—To test the longer term stability of encapsulated metal in our treated samples,
a continuous flow-through assay was developed using a fluid medium designed to mimic the
intracellular phagolysosomal environments. The covering carbon shells are key to the stability
of the metal, and carbon is insoluble in buffer solutions even at low pH. We propose that the
most plausible mechanism for physiological carbon attack and shell damage is oxidation (not
acid dissolution). Phagocytic cells generate reactive oxygen species (ROS) by the enzyme
NADPH oxidase or Phox triggering a respiratory burst [33]. Macrophages also sequester and
actively pump iron into late endosomes and phagolysosomes where additional ROS are
generated in order to kill phagocytosed microorganisms [34]. Phagocytosis of inert particulates,
including ultrafine air pollutants, has also been shown to trigger the respiratory burst in lung
macrophage [15]. To mimic this environment, we chose PSF at pH 4.5 augmented by
continuous ROS generation driven by Fenton chemistry [35] using a custom dynamic flow-
through assay [36].

Figure 3 shows the flow apparatus based on that of Scholze et al [37] but adapted for nanotubes
and continuous ROS generation. To prevent loss of the ultrafine carbon nanotubes through
filters, a nanotube mat is placed in a small shallow glass dish (5ml) and covered by glass wool.
The combined CNT/glass fiber mat is held down gravitationally by glass beads and the test
solution added drop-wise to the surface. The overflow passes through a fritted silica filter and
is continuously collected and analyzed for Ni as an indication of carbon shell damage and Ni
dissolution.

ROS are generated in situ by mixing 2X PSF containing 2mM H2O2 with 2mM ascorbate and
0.2mM FeSO4 just above the sample vial. The individual solutions are delivered by peristaltic
pumps (30ml/pump/day) from fresh stock solutions replaced daily (see Fig. 3).

The desired free radical generation was achieved by mixing physiologically relevant
concentrations of iron, ascorbate, and hydrogen peroxide. The assay was validated by
confirming ROS production in a static assay adapted from Lay et al [38,39]. In this assay, the
pentose sugar, 2-deoxy-D-ribose, reacts with ROS to yield a mixture of products, which upon
heating are convert to malondialdehyde (MDA) that reacts with 2-thiobarbituric acid (TBA)
at low pH to form a pink chromophore quantifiable by absorbance at 532 nm. PSF solutions
containing 1 mM H2O2, 1 mM ascorbate, 1 mM 2-deoxyribose and 0.1 mM FeSO4 were
vortexed for 5 seconds, and then incubated at 37°C for 2, 24 or 48 hr with continuous shaking.
At the end of the incubation, the solution was centrifuged at 10,000 g for 10 min. Each sample
was prepared in triplicate. A series of standard solutions was prepared by diluting a
concentrated tetraethoxypropane (TMOP) [a.k.a. MDA bis(dimethy acetal)] solution with PSF.
To determine the MDA concentration in the samples, 1.0 ml of each supernatant or 1.0 standard
solution was incubated with 1.0 ml 1.0%wt/vol (10mg/ml) TBA and 1.0 ml 2.8% wt/vol (28mg/
ml) trichloroacetic acid (TCA) for 10 min at 100°C and then cooled on ice to stop the reaction.
Absorbance at 532 nm was determined by spectrophotometry.

A final validation assay was carried out on the flow apparatus itself to ensure that the
continuously generated ROS are not quenched by the glass beads or glass fiber filter. The full
experiment was carried out without CNT addition and the overflow collected and incubated
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with deoxyribose for 2 hr. The TBA assay produced pink color, indicating successful
generation and survival of free radicals within the complete flow apparatus.

3. Results and Discussion
3.1 Measurement, origin, and removal of bioavailable nickel

3.1.1 Assay development for Ni bioavailability—Our previous work [2] used simple
buffers to examine the effects of pH on nickel mobilization. Here we evaluate more complex
media including the phagolysosomal simulant fluid (PSF) of Stefaniak et al. [32], which is
designed to mimic the pH and ionic environment within intracellular phagolysosomes (see
Materials) with the addition of reductants or oxidants. Figure 4 compares the Ni mobilization
in PSF with that in simple buffer solutions and examines the role of the reducant ascorbate and
the oxidant, H2O2. Based on these results, PSF at pH 4.5 was adopted as the standard solution
for bioavailability assays in this study. For iron experiments the PSF is augmented by ferrozine
and ascorbate (see section on Fe below), while for Ni it is used without augmentation.

3.1.2 Origin of bioavailable metal in vendor purified samples—A surprising result
from our previous studies is detection of bioavailable (free) metal in each of the “purified”
samples from commercial sources [1,2]. An important step toward decreasing metal-induced
toxicity assorted with exposure to nanotubes is to identify the origin of this bioavailable metal,
which should in principle have been removed by acid washing. We hypothesize contributions
from several mechanisms:

a. Kinetic limitations on acid dissolution combined with insufficient treatment time

b. Redeposition of metal on CNT surfaces or functional groups

c. Oxidative attack on protective carbon shells after or during acid purification.

Figure 5 provides insight into the role of kinetic limitations during acid washing. The partially
etched metal observed inside some carbon shells indicates an ongoing dissolution process and
can be expected to be a source of additional metal released in bioavailability assays. Nickel
and nickel oxide in particular can be slow to dissolve in acid media, even when accessible. To
test the intrinsic corrosion rates of these phases, we carried out acid washing experiments (3M
HCl for 24 hr) on pure metallic Ni and NiO nanoparticles in the absence of carbon coating.
This treatment mobilized 71% of the metallic Ni into solution, but only 9% of the Ni from in
the NiO nanoparticles. Despite the nanoscale dimension of these particles, intrinsic corrosion
rates can still limit their removal and the presence of NiO as a minority phase may make this
removal even more difficult.

Figure 6 provides evidence for the second mechanism– re-deposition of soluble Ni on the free
surfaces of nanotubes coupled with insufficient water washing. The adsorption data show the
potential for CNTs to adsorb significant quantities of divalent cations, especially on carboxylic
functional groups, while panel (c) shows that insufficient water washing can lead to detectable
residual bioavailable Ni. Because nanotubes are often treated with oxidizing acids such as
HNO3 or H2SO4, carboxylic and other oxygen-containing functional groups are expected to
be common at this stage of processing.

Figure 7 provides evidence for the third mechanism – that oxidation during or after acid
dissolution can attack carbon shells and expose fresh metal without sufficient time for its
removal by etching. Air oxidation can sharply increase bioavailable metal (panel a) by attack
on carbon shells (See Liu et al. [2]). Simultaneous oxidation and acid washing as in “one-pot”
purification processes tend to reduce total metal, but leave higher residual bioavailable metal
than simple acid washing alone (panel b). We believe the difference is due to the continuous
oxidation of carbon shells, which exposes fresh metal on an ongoing basis. At the end of the
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treatment time, some metal has been only recently exposed and has not had time for complete
removal by acid etching. Simple treatment with non-oxidizing acids or two-step oxidation and
acid treatment are preferable to one-pot method to avoid late-stage damage to the covering
carbon shells.

Based on these results we suggest that the bioavailable metal in purified samples is due to some
combination of all three mechanisms, depending on the purification processing conditions.

3.1.3 Optimal removal by acid treatment—Figure 8 shows the effect of treatment time
on the removal of bioavailable Ni by 3M HCl washing at room temperature. In the as-produced
sample, bioavailable Ni is only gradually removed over 24 hrs. The vendor-purified sample
behaves differently, with half of the initial metal mobilized by only 1 hr acid treatment,
suggesting it may be in an easily accessible location on outer surfaces or bound to surface
functional groups. Note that this particular commercial sample has the lowest bioavailable Ni
in any of our studies (0.24 µg/ml), and it is reasonable to imagine that this small amount could
represent re-deposited material.

Figure 9 shows the effect of acid composition removal of bioavailable Ni for four commercial
samples at room temperature. Although there are reports of higher effectiveness with mixed
acids containing acetic acid [40], there is no apparent benefit of this strategy in this data set.
Overall, the use of 24 hr treatment in 3M HCl followed by three rounds of hot water washing
is a near-optimal treatment, at least for room-temperature processing.

3.2 Measurement, origin, and removal of bioavailable iron
Avoidance and removal of bioavailable Fe poses many of the same issues as for Ni above.
Figure 10 shows the comparison of different aqueous media as candidate simulant fluids for
measuring bioavailable Fe. Similar to Ni, phagolysosomal simulant fluid at pH 4.5 is most
effective at mobilizing soluble iron, but unlike Ni, ascorbate aids mobilization as does the
Fe2+-chelator, ferrozine. It is likely that ascorbate prevents oxidation to Fe3+, and the formation
of insoluble hydroxides and surface redeposition [41]. This idea is supported by the fact that
ferrozine alone mobilizes Fe at the lower pH, where the Fe2+ to Fe3+ kinetics are known to be
slower [42, 43]. Based on these results, PSF with ferrozine plus ascorbate was chosen as the
standard for iron bioavailability assays for this study. Both ferrozine (Fe2+ chelator) and
ascorbate (physiological reductant) increase iron mobilization and are recommended for
determination of total bioavailable iron.

Figure 11 provides evidence that SWCNTs also adsorb soluble iron from solution. The
adsorption is greatest for the carboxylic functionalized tubes, but is also significant for as-
prepared tubes and for activated carbon as a high-surface-area reference material. Oxygen
containing surface functional groups are likely sites for cation adsorption [44, 45].

Figure 12 explores the effect of wash medium composition on the removal of bioavailable iron
from SWCNTs. The behavior of the as-produced material is similar to that for Ni removal,
except that ascorbate addition improves removal. In contrast, the vendor-purified sample has
bioavailable Fe that can be removed by simple water washing, and is bound either as a salt film
or weakly adsorbed ionic species. The ease of removal of this residual bioavailable Fe is also
seen in Figure 13, which examines the effects of acid/SWCNT ratio and time. Overall, the
process of bioavailable Fe removal is a kinetically limited acid dissolution process for the as-
produced material, but for this vendor purified sample it is the simple removal of weakly bound
metal that was mostly likely re-deposited during washing at near neutral pH or drying. This
iron is readily bioavailable and would likely be rapidly mobilized in the lungs following
inhalation where it may catalyze ROS production and oxidant stress leading to lung injury
[30].
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3.3 Biopersistence of carbon shells and stability of encapsulated metal
The combined results presented up to this point show that bioavailable Ni and Fe in CNTs can
be reliably reduced below 0.5 µg/ml by careful acid treatment, water washing, and the
avoidance of oxidation during or after the last stage of wet chemistry. In most cases, these
processes will leave behind significant non-bioavailable (encapsulated) metal, and it is an open
question whether that metal may be mobilized through long-term degradation processes in the
lungs following inhalation exposure.

It is clear that the nanoscale metal residues in CNTs can be slowly dissolved if they are fluid
accessible, so the key question is the physiological stability of the elemental carbon shells or
tube walls that prevent this fluid access. Carbon materials are generally thought to be stable,
or biopersistent, but little or no actual data are available on the long-term stability of nanotubes
in physiologically-relevant environments. Elemental carbon cannot be dissolved in non-
oxidizing weak acids, so we hypothesize that the most likely degradation mechanism would
be oxidation. Some cellular compartments contain strong oxidants, including reactive oxygen
species produced by the respiratory burst mechanism triggered by phagocytosis in alveolar
macrophages [15]. In these target cells, continuous ROS generation driven by iron catalyzed
redox cycling in late endosomes and phagolysosomes attack inert particulates or
microorganisms [33].

Our approach is to simulate this intracellular environment with physiologically relevant
concentrations of hydrogen peroxide, iron, and ascorbate [35], in order to assess the potential
for gradual oxidative degradation of carbon shells and release of metal (see Fig. 14). To
maintain this reactive fluid environment over time, we developed a flow-through assay (see
Methods and Fig. 3) and applied it to one batch of the treated sample C-VP SWCNT for over
a time course of two months. This batch of the SWCNT sample had the lowest bioavailable
metal of any commercial sample studied to date (0.24 µg/ml) that was pre-reduced further in
our laboratory by 3M HCl washing to about 0.08 µg/ml. (Note that the stability assay uses iron
salts as a reagent, so it is only possible to apply the flow-through assay to the stability of carbon-
encapsulated nickel.)

Figure 15 shows the results of the two-month assay. After an initial release of traces of Ni (<
0.04 µg/ml in effluent), there is no further detectable release over the two month period,
implying no significant damage to the fluid protective carbon shells. TEM analysis of the
recovered purified VP SWCNTs also did not show any apparent carbon shell damage or any
significant difference from the original sample before the flow-through assay. This is not
entirely surprising, as the physiological oxidizing environment is much less harsh than
chemical oxidizing environments used to functionalize carbon surfaces or remove amorphous
carbon impurities. For example, the “one-pot” purification method described by Wang et al.
[9] and used to generate Fig. 7 employs 30% H2O2 v/v, which is 9.7M or approximately 104

more concentrated than the 1 mM H2O2 solution used to simulate the phagolysosomal
environment.

4. Conclusions
This study provides useful guidance for the proper measurement, avoidance, and removal of
bioavailable metal in carbon nanotubes as a potential strategy for reducing their health risks.
First, it was shown that a simple phagolysosomal simulant fluid at pH 4.5 is suitable for
measuring bioavailable metal, though even simple acetate buffer at the same pH gives similar
results. The fluid should be supplemented by ascorbate and ferrozine for determination of Fe
release, which are not required in the assay for Ni release. These assays are easy to perform,
reproducible, and are proposed as a quality control measure for CNT purification and
processing. Second, the study provides guidance to improve current purification processes so
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they do not leave residual bioavailable metal. Kinetic limitations on acid dissolution and
insufficient treatment time, re-deposition on CNT outer surfaces or functional groups, and the
use of oxidation steps during or after the final wet chemical treatment all can contribute to
residual bioavailable metal in improperly purified materials. Third, treatment with a non-
oxidizing strong acid (3M HCl) followed by multiple hot water washing as a final processing
step is found to be a suitable method for targeted removal of bioavailable metal to levels below
0.5 µg/ml. The non-bioavailable (encapsulated) metal remaining after this treatment is found
to be stable under simulated physiological conditions for up to two months. These results
suggest that targeted removal of the bioavailable metal fraction is a promising strategy for
minimizing CNT health risks. Finally, we note that metal effects are not the only toxicity
mechanisms hypothesized for carbon nanotubes, and more work is needed to assess health risk
that may be associated even with high purity tubes. For the impure materials that are now
common in the marketplace, however, metal induced health effects are a real concern, and we
suggest that these concerns can be adequately addressed by the targeted purification methods
outlined here.
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Figure 1.
Mobilization (bioavailability) of nickel (A) or iron (B, C) from as-produced (AP) and vendor-
purified (VP) single-walled carbon nanotubes (SWCNTs) into simple fluid media [1,2], in
which the commercial purification processes leave significant bioavailable metal (A,B) or even
increase bioavailable metal (C). Bioavailable Ni from sample A was analyzed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) after incubation in acetate buffer
(pH 5.5) for 2 hr. Bioavailable Fe from sample B and C was determined by UV-Vis
spectrophotoscopy after incubation in MOPS aqueous solution at pH 7 with 1 mM ascorbate
and ferrozine for 72 hours.
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Figure 2.
Typical morphologies for metal-containing SWCNTs: (a) Fe-containing as-produced
SWCNTs from vendor A (b) Ni-containing AP SWCNTs from vendor C.
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Figure 3.
Apparatus for dynamic study of the in vitro biopersistence of purified Ni-containing SWCNTs
in a simulated phagolysosome with continuous free radical generation.
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Figure 4.
Development of standard nickel bioavailability assay by comparison of Ni mobilization in
various aqueous solutions: deionized water (pH 7.0), acetate buffer (pH 5.5 and pH 4.5) and
PSF (pH 4.5) for a range of SWCNT samples. Data are for sample C-AP. Additional H2O2 or
ascorbate (1 or 10mM) did not produce enhanced mobilization by oxidation or reduction.
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Figure 5.
Evidence for kinetic limitations in acid dissolution during purification. HRTEM images of
commercial samples “C” showing a range of observed morphologies following 3M HCl
treatment for 48 hrs. The most commonly observed morphologies are (a) empty shells, and (b)
shells with intact Ni-containing nanoparticles. This implies the presence of pore-free carbon
shells that are fully protective of the imbedded catalyst, and the presence of some defective
shells that allow sufficient fluid access to remove Ni. Also seen, however, as minority features
(c) are carbon shells with partially etched Ni nanoparticles, implying that the acid dissolution
process was still underway at the end of the treatment time. These shells likely contain more
subtle defects that allow only slow transport of etching reactants and products.
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Figure 6.
Evidence for the re-deposition of Ni on the free surfaces of nanotubes following acid washing.
(a) Active adsorption of soluble Ni onto SWCNTs from standard NiCl2 solutions, especially
pronounced for the COOH-functionalized tubes; (b) equilibrium adsorption isotherms for
various cations on COOH-functionalized SWCNTs. This sample has 4–6 atomic-% COOH
groups and the amount adsorbed (up to 1 mmol/g) corresponds stoichiometrically to a
significant fraction of COOH sites occupied by the cation. The results in (a) and (b) demonstrate
the potential for re-deposition through adsorption; (c) Evidence that insufficient washing (e.g.
1 wash only) following acid treatment can lead to detectable residual free Ni, presumably by
the mechanism of panel (a) and (b).
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Figure 7.
Evidence that oxidation either after (a) or during (b) acid treatment can leave residual
bioavailable metal in “purified” CNTs. (a) Effect of air oxidation on Ni bioavailability from a
vendor purified sample (B-VP); (b) effect of simultaneous oxidation and acid treatment (one-
pot purification process [9]) on Ni bioavailability from sample C-A). The one-pot method
removes more total metal (indicated by TGA residue), but leaves higher residual bioavailable
metal than simple acid treatment.
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Figure 8.
Effect of treatment time on bioavailable Ni removal by 3 M HCl. (a) as-produced SWCNTs,
(b) vendor-purified SWCNTs. In each case this acid treatment is followed by three rounds of
hot water washing. Bioavailable Ni was mobilized into PSF (pH 4.5) and then analyzed by
ICP.
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Figure 9.
Effect of acid composition and sample origin on targeted removal of bioavailable Ni from
SWCNTs (treatment time: 24hr).
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Figure 10.
Comparison of competing media (PSF at pH 4.5 and PBS at pH 7.4) for the measurement of
iron bioavailability in CNTs. (a): A-AP, (b): A-VP. “Reference” is data from previous study
[1], which measured mobilization optically with ferrozine at pH 7 and 1 mM ascorbate after
72 hours incubation.
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Figure 11.
Evidence that soluble Fe can be adsorbed from solution onto SWCNT surfaces. a) Raw
measurements of iron concentration after 24-hr incubation of SWCNTs in a PBS buffer
containing FeCl3; b) Presentation of same data as equilibrium adsorption isotherms; c) Similar
experiment for activated carbon as a model, high-surface-area carbon material. In 3M HCl the
activated carbon is a net source of soluble iron through release of iron impurities. At neutral
pH adsorption dominates and activated carbon is a net sink for soluble iron in a similar manner
to SWCNTs.
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Figure 12.
Effects of different acid washing on removal of bioavailable iron for A-AP and A-VP SWCNT
samples
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Figure 13.
Effects of acid/CNT ratio (a) and time (b) on the removal of bioavailable iron for two SWCNT
samples.
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Figure 14.
Potential Ni release mechanism by oxidative attack on carbon shells in phagolysosomes. Wide
arrows show oxidant generation in the long-term dynamic flow-through assay developed here.
This assay is designed to test the stability of encapsulated metal using a flowing PSF simulant
(pH 4.5) supplemented with ascorbate, H2O2, and Fe2+ for continuous generation of reactive
oxygen species.
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Figure 15.
Results of flow-through assay to assess the stability of non-bioavailable (encapsulated) Ni
remaining after optimized acid treatment of a commercial SWCNT sample. Y-axis gives the
total Ni content of the effluent. The assay uses a phagolysosomal simulant augmented for
continuous generation of reactive oxygen species. Following the initial release of a trace
amount of Ni, there is no detectable release and thus no indication of significant oxidative
attack on the covering carbon shells for two months.
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Table 1
Total metals content determined by inductively coupled plasma atomic emission spectroscopy (ICP) for the six*

commercial SWCNT samples used in this study
Sample Vendor Specification Metal content by ICP
A-AP Fe 26% Fe 22.2%, Ni 0.016%, Co 0.003%
A-VP Fe 10% Fe 10.9%, Ni 0.028%, Co 0.026%
B-AP Carbonaceous purity** 40–60% Metal content 30% Ni 19.4%, Y 5.49%, Fe 0.041%, Co 0.010%, Mo<0.002%
B-VP Carbonaceous purity 60–80% Metal content 15% Ni 14.28%, Y 2.09%, Fe 0.050%, Co<0.002%, Mo 0.060%
C-AP Carbonaceous purity 40–60% Metal content 30% Ni 23.3%, Y 5.77% Fe 0.032%, Co 0.0014%, Mo<0.0001%
C-VP Carbonaceous purity 70–90% Metal content 7–10% Ni 6.70%, Y 1.30%, Fe 0.017%, Co 0.0002%, Mo 0.0006%

*
Selected experiments used a seventh sample: commercial COOH-functionalized SWCNTs which were reported to have 80–90% carbonaceous purity

and 5–10% metal content.

**
Carbonaceous purity is defined in the literature as the mass ratio of pure SWCNT to the total carbonaceous material and it is evaluated by near-IR

spectroscopy against a reference sample [31].
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Table 2
Chemical compositions of phagolysosomal simulant fluid using 0.02 M potassium hydrogen phthalate buffer*

Constituent Concentration (mg/L)

Na2HPO4 142.0
NaCl 6650.0
Na2SO4 71.0
CaCl2·2H2O 29.0
Glycine (C2H5NO2) 450.0
Potassium hydrogen phthalate (1-(HO2C)–2-(CO2K)–C6H4) 4084.6
Alkylbenzyldimethylammonium chloride** 50ppm
*
Our experiments use pH 4.5, obtained by adjusting the original 4.0 pH using 0.1-M potassium hydroxide.

**
serves as an anti-fungal agent.
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