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Abstract

This work investigates the physical interactions between carbon nanomaterials and tocopheryl
polyethylene glycol succinate (TPGS). TPGS is a synthetic amphiphile that undergoes enzymatic
cleavage to deliver the lipophilic antioxidant, a-tocopherol (vitamin E) to cell membranes, and is
FDA approved as a water-soluble vitamin E nutritional supplement and drug delivery vehicle. Here
we show that TPGS 1000 is capable of dispersing multi-wall and single-wall carbon nanotubes in
aqueous media, and for multiwall tubes is more effective than the commonly used non-ionic
surfactant Triton X-100. TPGS is also capable of solubilizing Cgg in aqueous phases by dissolving
fullerene in the core of its spherical micelles. Drying of these solutions leads to fullerene/TPGS phase
separation and the self-assembly of highly ordered asymmetric nanoparticles, with fullerene
nanocrystals attached to the hydrophobic end of crystalline TPGS nanobrushes. The article discusses
surface charge, colloidal stability, and the potential applications of TPGS as a safe surfactant for
“green” processing of carbon nanomaterials.
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Introduction

The natural hydrophobicity of unfunctionalized carbon nanomaterials is a challenge for their
dispersion and processing in aqueous phases. Biological applications typically require aqueous
processing, and many non-biological applications can benefit from aqueous processing as a
“green” alternative to the use of organic solvents in inks, coatings, thin films, composites, and
engineered nanofluids. The importance of nanotube dispersion in aqueous media has led to the
exploration of many competing methods including covalent functionalization and non-covalent
interaction with amphiphiles that include synthetic surfactants [1], proteins [2,3], polymers
[4,5], and the biological polycation, chitosan [6].

Synthetic surfactants have been particularly popular due to their ready availability and low
cost. It is not well known in the materials science community, but many synthetic surfactants
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represent environmental or health hazards upon inhalation or environmental release [7,8,9].
Surfactant toxicity can occur through direct cell membrane damage [10,11,12], and may even
be the primary cause of observed toxicity when surfactants are used to disperse nanotubes in
nanotoxicology assays [10]. Greater biocompatibility can be achieved by some natural
dispersants such as bovine serum albumin (BSA), chitosan, or dipalmitoylphosphatidylcholine
(DPPC) [6,13,14], but being biological materials these are subject to bacterial contamination
if processed under non-sterile conditions and are not attractive for many non-biological
applications. There is significant motivation to identify new synthetic (non-biological), safe
surfactants for green nanotube processing.

An intriguing commercial material is tocopheryl polyethylene glycol succinate (TPGS) (see
Fig 1). TPGS is synthesized from the lipid-soluble antioxidant, a-tocopherol (vitamin E) by
grafting to a polyethylene glycol (PEG) oligomer through a succinate diester linker. TPGS is
widely used as a water-soluble vitamin E formulation. It is a GRAS (Generally Regarded As
Safe)-listed supplement taken orally at long-term doses of 13.4 — 16.8 mg/kg/day or up to 100
mg/kg/day for people with impaired uptake [15,16,17,18]). Further, TPGS 1000 (1000
denoting the PEG chain molecular weight) has been approved by FDA as a drug solubilizer in
oral, parenteral, topical, nasal, and rectal/vaginal therapies [19,20]. TPGS has also shown
promise as a solublizer for inhalation drug delivery [21,22,23,24].

To our knowledge TPGS has not been used as a nanomaterial dispersant, but is clearly an
amphiphile with a 16-carbon alkyl chain and a PEG oligomer of significant length to impart
hydrophilicity (see Fig. 1). There are no published studies on the interactions of TPGS with
nanocarbons to aid in their dispersion or processing.

The antioxidant properties of TPGS are based on cellular enzymatic hydrolysis by cytoplasmic
esterases that liberate free a-tocopherol, which then localizes in the cell membrane and through
free radical quenching protects the membrane from lipid peroxidation and damage (see Fig. 1)
[19,25,26]. Culturing fibroblast cells with TPGS for 24 hrs resulted in increased contents of
both total and free tocopherol with most of the hydrolytic conversion occurring between 4 and
24 hrs [28]. Oxidized tocopherol can be reduced back to its active state by the water-soluble
physiological reductant, ascorbate, to form a continuous cycle [29,30]. The non-
enzymatichydrolysis of TPGS is slow: the manufacturer, Eastman Chemical, reports that less
than 20% of TPGS 1000 is hydrolyzed in the first 10 days at 37 °C in the pH range 4 — 10.

The emerging literature on nanotoxicology includes several studies reporting reactive oxygen
generation and/or oxidative damage associated with nanocarbons [31,32,33,34]. Sayes et al.
[31] report that fullerene toxicity is due to free radical production and lipid peroxidation.
Shvedova et al. [32] and Kagan et al. [33] report that transition metal residues in Fe-containing
carbon nanotubes may enter into the redox cycle and catalyze oxidative stress within cells. Guo
et al. [34] report release of bioavailable, redox-active iron from a range of commercial Fe-
containing nanotubes and redox catalysis of free radical production that causes single-strand-
breaks in plasmid DNA. Most recently Shvedova et al. [35] report that single-wall nanotubes
(SWNTSs) induce pulmonary inflammation in mice accompanied by oxidative stress and
antioxidant depletion. Further, SWNT-induced antioxidant depletion and acute inflammation
were enhanced in mice fed vitamin E-deficient diets relative to mice on vitamin E-sufficient
diets [35]. We therefore see an additional motivation for studying TPGS as a nanocarbon
dispersant — in some scenarios its antioxidant function [36,37] could provide active protection
against nanomaterial-induced free radical damage at the local site of cell/nanomaterial
interaction.

In summary, the human health and safety aspects of TPGS along with its known antioxidant
function and commercial availability make it potentially attractive as a synthetic surfactant for
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green processing of carbon nanomaterials. Its behavior in the presence of carbon nanomaterials
has not been studied, however, and its effectiveness as dispersant and colloidal stabilizer on
those systems is unknown. Here we take the first step to explore this potential of TPGS by
investigating its physical interactions with single-wall nanotubes, multi-wall nanotubes, and
Cgo, focusing on aqueous dispersion, surface charge, colloidal stability, and the morphology
of the self-assembled nanostructures.

Materials and Methods

Food grade TPGS 1000 (M.W. ~ 1,513 or 22 ethylene glycol repeat units) was a gift from
Eastman Chemical Company. Triton X-100 (100%) (M.W. ~ 624) was obtained from Alfa
Aesar and used as a common reference surfactant. Purified multi-walled carbon nanotubes
(MWNTS) were purchased from MER Corporation (Tucson, AZ), while purified SWNTSs with
low functionality were obtained from Carbon Solutions, Inc. (Riverside, CA). Commercial
high-purity fullerene (99.5%, reagent) were produced by SES Research (Houston, TX). Our
aqueous suspensions were filtered through a Corning disposable filter system equipped with
0.22 um cellulose nitrate filter (Fisher Scientific). Nanopure water (conductivity = 1.83
MQ-cm) was obtained through purification of tap water by a MilliQ water system.

Solution preparation

TPGS aqueous solutions (2 wt%) were made by melting 1.0 g of TPGS (yellow wax; m.p. =
37 —41 °C) on a hot plate and hydrating the melt with 49 mL of hot nanopure water under
continuous magnetic stirring. The mixture was stirred for two more hours until cool (room
temperature). The resulting TPGS aqueous solution was colorless and stable at room
temperature for months. It was further diluted by nanopure water to 0.05 wt% before use. For
the reference surfactant, Triton, 0.05 wt% aqueous solutions were prepared at room
temperature by mixing 1.0 g of Triton X-100 (oil-like liquid; m.p. = 6 °C) with 49 mL of
nanopure water under continuous magnetic stirring. The mixture was stirred for two additional
hours until clear. The resulting Triton aqueous solution was colorless and stable at room
temperature for months. It was further diluted by nanopure water to 0.05 wt% before use.

Nanotube dispersion

TPGS solutions of 0.05 wt% (20 — 160 uL) were added to MWNTSs (~0.2 mg) and then diluted
with nanopure water to 15 ug-C/mL. The resulting mixtures were sonicated for two hours and
digital photos taken after 15-hour sitting. The SWNTSs were mixed with 0.05 wt% TPGS
solutions (0.12 — 6 mL) and then treated similarly. The reference Triton suspensions were made
by adding 0.05 wt% Triton solutions (0.2 — 2 mL) to MWNTSs (~0.2 mg) and then diluted with
nanopure water to 15 ug-C/mL. The resulting mixtures were sonicated for two hours and photos
taken after 15-hour sitting. SWNTs were mixed with 0.05 wt% Triton solutions (0.12 — 6 mL)
and then treated similarly.

Fullerene dispersion

Excess fullerene powder was added to TPGS melt in a water bath. After 2 hours the brown
mixture was hydrated with hot nanopure water under continuous magnetic stirring and cooled.
For the Triton reference surfactant, excess fullerene powder was added to Triton liquid, and
after 2 hours the brown mixture hydrated with nanopure water under continuous magnetic
stirring until the mixture became clear. After 0.22 um filtration both the Cgo/TPGS and Cgg/
Triton solutions are clear orange and stable at room temperature for months.
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Characterization

High-resolution transmission electron microscope (HRTEM) images and electron diffraction
patterns were recorded on samples at various stages during the drying process at 200 kV on a
JEOL 2010. Dynamic light scattering (DLS) and zeta potential experiments were performed
on a Zetasizer Nano-ZS 900. UV-vis light absorption spectra were recorded on a PerkinElmer
Lambda 35 UV/VIS Spectrometer in the range 300 — 600 nm.

Results and Discussion

Figure 2 shows the relative ability of TPGS and Triton to disperse multiwall nanotubes at a
fixed nanotube concentration of 15 ug/ml. The nanotubes are successfully dispersed at TPGS
concentrations of 3.8 ug/ml and above, while lower concentrations leave a film of undispersed
solid at the top and bottom liquid/gas interface. At even higher TPGS concentrations, stable
gas bubbles collect at the top surface indicating excess TPGS. Though Triton is commonly
used for nanotube dispersion [5,38,39], it is less successful here, leaving excess solid at the top
liquid/gas interface at concentrations up to 15 or even 60 ug/ml. The polyaromatic content of
TPGS may be responsible for its effectiveness in nanotube dispersion based on the known
affinity of polyaromatic structures for carbon surfaces [40] and trends seen in other surfactant
systems [5].

Figure 2 indicates dispersion stability after 15 hr of passive settling. We further tested the
stability of the suspensions to centrifugation at a fixed surfactant concentration of 25 uM. The
MWNTs were removed from the Triton solution after 30 min centrifugation at 1380xG, while
an equivalent separation from 25 uM TPGS solution required 4 hr centrifugation at 1380xG.
In the case of SWNTS, the two surfactants performed more similarly, dispersing SWNTs well
at concentrations above about 6 ug/mL.

Fullerene Cgg is extremely insoluble in water (~1 ng/mL without the use of co-solvents,
oxidation, or prolonged stirring [31,41,42]. Figure 3 gives the results for Cgq dispersion with
TPGS compared with Triton as a reference material using UV/visible spectroscopy as a
dispersion metric. Note that in contrast to nanotube dispersion, this is a solubilization process
in which molten pure TPGS is saturated with fullerene prior to introduction of water. The UV-
vis light spectra in Figs. 3A,C demonstrate the existence of Cgg, with fullerene characteristic
peaks present at 331, 358, 379, and 469 nm [43]. Figures 3C,D give quantitative absorption
data for these peaks that can be used to estimate Cgg concentration. As an example, we estimate
210 ug-C/mL in 25 wt% TPGS solution using Beer’s Law and € = 5.19x104 for the absorption
peak at 331 nm in water [44]. TPGS is more effective than Triton at dispersing fullerenes as
clearly seen by direct comparison of the spectra (A vs. B) or the quantitative absorption
measurements (C vs. D). The solubility of Cgq is linearly dependent of the surfactant
concentration, which is consistent with previous work using commercial TPGS 1000 as drug
solubilizer [19]. It is also consistent with our preparation method, in which saturated solutions
with a fixed TPGS/Cg ratio are first prepared and then hydrated. Dynamic light scattering
experiments show monodisperse nanoparticles of hydrodynamic size 11 nm, which are
believed to be fullerene-containing TPGS micelles, and are similar to the pure TPGS micelles
with a mean size of 12.7 nm measured by the same technique.

Figure 4 shows the morphology of TPGS/nanotube assemblies by HRTEM. An amorphous
TPGS coating is seen on the MWNT surfaces dried from TPGS solution, but not the as-received
MWNTs. This tube-by-tube TPGS coating is the most likely colloidal stabilization mechanism.
There appears to be an amorphous film on the SWNT bundles as well, though it is not as
pronounced in TEM. Neither TEM nor UV-Vis spectroscopy gives evidence for individual,
fully unbundled SWNTSs in the TPGS or Triton solutions under our conditions [45]. It is
possible that these surfactants do not have a favorable geometry for stabilization of the very
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small 1-2 nm structures as does single-stranded DNA [46]. Figure 4F shows SWNTSs dried
from concentrated TPGS solutions (15 ug/ml). Under these conditions the excess TPGS
associates with the SWNT bundles as clearly visible, intact micelles.

Figure 5 gives the morphologies of TPGS/Cgp assemblies at various stages of drying. Initially
spherical structures are seen (Fig. 5A), which in size and morphology are consistent with pure
TPGS micelles. Under the action of the electron beam we observed the appearance of high-
electron-density regions within the spheres that suggests phase separation (see arrow in B).
During longer air drying at room temperature (3 days), the spherical nanostructures develop
facets and transform into nanocubes, some of which have asymmetric electron density (Fig.
5C,D). Finally after 1 week of drying, the sample transforms into a uniform collection of highly
ordered asymmetric particles that appear to be fullerene nanocrystals (nCgg) adhered to
globular or cubic nanostructures of lower electron density. These cubic structures are equiaxed
and about 10 nm in dimension, similar to the length of the TPGS molecule. The ED pattern in
Fig. 6 confirms the formation of nCgq during air drying, showing a face-centred cubic (fcc)
structure with a crystal parameter of 1.4 — 1.5 nm [43].

We interpret these results as follows. Fullerene is dissolved at the molecular level in TPGS
micelles, likely concentrated in the hydrophobic a-tocopheryl cores. Because the mass ratio of
fullerene to TPGS is low (~ 1:1000) these micelles are similar in size and structure to those in
pure TPGS solutions. The TPGS micelles remain amorphous unless dried extensively in air or
under the electron beam, at which point the Cgp phase separates and the dehydrated TPGS
crystallizes. When the amphiphile TPGS crystallizes at the nanoscale, the result are
amphiliphilic nanoparticles with one hydrophobic end (tocopheryl) and one hydrophilic end
(PEG). In the presence of Cgq this produces a set of unique asymmetric particles with fullerene
nanocrystals attached at one face to TPGS nanobrushes. The uniform and highly ordered nature
of these particles suggests a significant driving force for their formation and some significant
stabilizing mechanism, which we believe is the attachment of fullerene crystals to the
hydrophobic end of the TPGS nanobrushes, thus stabilizing the structure by tocopheryl/Cgg
hydrophobic interaction.

Figure 7 shows zeta potentials of nanotube/surfactant suspensions measured at room
temperature. Increasing surfactant concentration decreases the magnitude of the zeta potentials
as expected for these non-ionic surfactants, which preserve the nanotube surface charge but
increase the hydrodynamic particle size. The zeta potential of aqueous Cgq in surfactant
solutions was —5.0£1.2 mV, and the pure TPGS and Triton micelles did not have a measurable
zeta potential. Compared to other methods of preparing aqueous Cgg dispersions, the present
method has the advantage of avoiding cosolvents or covalent fullerene modification. The
fullerene/TPGS solutions are stable indefinitely and non-enzymatic hydrolysis at physiological
pH is extremely slow. A disadvantage is the large TPGS/Cgg mass ratio required (~ 1000:1),
which in turn is limited by the inherent solubility of Cgg in molten TPGS in our preparation
method. This is in contract to TPGS/MWNT suspensions, where the minimum ratio for good
dispersion is only 1:4 (3.8:15 as seen in Fig. 2).

Conclusions

Overall, TPGS is a promising surfactant for “green” processing of carbon nanomaterials due
to its low human health risk, commercial availability, and effectiveness as a dispersant and
stabilizer. TPGS is especially promising for multi-wall nanotube processing, where it is an
effective dispersant at mass ratios (TPGS:C) of 1:4 or greater and is more effective than the
commonly used synthetic non-ionic surfactant Triton. In light of the present results on the
physical interactions of TPGS with carbon nanomaterials, detailed biological studies are
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justified to determine if and under what conditions the antioxidant properties of TPGS may

se

rve to actively mitigate oxidative stress induced by nanomaterial exposure.
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FIGURE 1.

The structure, hydrolysis, and antioxidant function of TPGS. PUFA are polyunsaturated fatty
acids that are vulnerable to peroxidation, leading to free radical propagation reactions and cell
membrane damage [27].
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FIGURE 2.

Effectiveness of TPGS and Triton in dispersing MWNTSs. Digital photos of 15 ug/mL MWNT
suspensions after 2-hour sonication and 15-hour settling. TPGS studied achieves complete
dispersion (*CD”) above 3.8 ug-TPGS/mL. Triton leaves some MWNTS undispersed and
visible at the top and bottom surfaces at all concentrations studied (see arrows). Note that 3.8
ug-TPGS/ml is 2.5 uM, while 6 ug-Triton/ml is 10 uM.
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Solubility of Cgg in surfactant solutions probed by UV-Vis light absorption. A,B UV-Vis
absorption spectra: (A) in TPGS solutions (note: 25 wt-% solution was diluted by 5x prior to
spectral measurement); (B) in Triton solutions. C,D: Quantitative optical absorbance at various
characteristic wavelengths for Cgg absorption as a function of surfactant concentration in
aqueous solution. Stars mark characteristic fullerene peaks at 331, 358, 379, and 469 nm

[43].

Carbon N Y. Author manuscript; available in PMC 2008 December 9.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuely Joyiny vd-HIN

Yan et al.

Page 12

MWNT surface

TPGS coating on
MWNT surface

SWNT surface dried TPGS micelles
on SWNT surface

FIGURE 4.
HRTEM images of carbon nanotubes in TPGS solutions after 2-hour sonication. (A-D) 15 ug/

mL MWNTSs (A,C) in water or (B,D) in 3.8 ug/mL TPGS solution. Scale bar: 5 nm. (E,F) 15
ug/mL SWNTs (E) in water, (F) in 15 ug/mL TPGS solution. Scale bar: 20 nm.
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FIGURE 5.
HRTEM images of unique TPGS/Cg nanostructures following various degrees of drying from

3.8ug/mL TPGS/Cgq solutions. A,B: 20-hour air drying; (arrow shows appearance of fullerene
nanocrystals upon e-beam exposure), C,D: faceted cubic particles after 3-day air drying; and
(E) unique asymmetric nanostructures after 1-week air drying.
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FIGURE 6.
The ED pattern of TPGS/Cgg nanostructures after 3-day air drying. The rings are assigned to
fce-structure of nCg, but the (111) ring is not observed due to its very large d value, 0.82 nm.
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Zeta potentials of nanotube/surfactant suspensions at: 15 ug-CNT/mL; A: MWNT; B: SWNT.
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