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Deliverables & Objectives —

« Obtain and validate data on the physical and chemical characteristics of
carbon nanotubes (CNTs) and CMP nanoparticles correlated with structural
modeling, interaction with model mammalian cells, toxicity, and bioactivity

single-walled

Year 1: carbon g;?cliaehene
nanotubes
multi-walled
Year 2: ceria carbon
nanotubes
Year 3- multi-walled ohene
(this year) 20N o
y nanotubes

identification or prediction of inherent material ESH properties and any process by-products
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Dispersion of Carbon Nanotubes (CNTs

« Aggregation of nanomaterial has been implicated in toxicity
« Aggregation can be controlled through the use of dispersants

» Dispersants used in this study:

Bovine Serum Albumin Pluronics®

BSA Tri-block copolymer

« Commercially available
* Inexpensive

 FDA approved

» Block lengths vary

« Structure affects behavior o

o

Natural protein
(~600 residues - 67 kDa)

naming convention
F68

physical _T I T_ x10 =%

state hydrophilic

@]

Hydrophobic
block mass
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Modeling Pluronics

* Existing models All atom to coarse grain
— All atom representation mapping schem

— Cannot simulate adequate sizes

« QOur solution: acoarse grained modg

— Reduce complexity while maintaining
molecular structure

— All atom simulations used to set bonded
interactions

— Experiment data (density, surface energies)
used to tune non-bonded interactions

i #y — PO (CG) | p =1.04 o
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= y
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Ut D
Polymer Self Assembly

« Aggregate shape of Pluronics

— Depends on structure &
concentration
— Balance of several factors
— Packing of A
— Solvation of B

<+ Lamellar

» Metastable worm-micelles
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Ut D
Polymer Assembly Around CNTs

The free energy of
growing a

_ L63
hydrophobic
cylinder can be
measured using
our novel method
J. Chem. Phys. 132, 054706 (2010)
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Nanotube — Lipid Interaction

Bare MWNT spontaneously penetrates into a
lipid membrane

F68 wrapped MWNT: activation barrier to
Insert into lipid membrane
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UT D
Simulating Pluronic-MWNTs

Simulation of
MWNT
functionalized
with F127

48 nm

« Simulations are too CPU
intensive ~
— Diameter of experimentally

1.6 million

used MWNT ~10-20 nm »,

- t o simulatel 'CG beads
— Too many a om§ .05|mu . ) 7. ~ 12-13 million
— Need a more efficient approach : atoms
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Conclusion from Theory / o

Simulation Studies

Successfully constructed a Coarse Grained model of Pluronics

Pluronics with higher % hydrophilic mass are suitable for
dispersing larger hydrophobes

Pluronic-functionalized MWNTSs interact differently with lipid
bilayer membranes

Simulating experimentally relevant Pluronic-functionalized
MWNTs leads to the development of new computational
methodology
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Overview:
Nanoparticle Characterization and
Biological Testing

Review work on multi-walled carbon nanotubes:
1. Control MWNT aggregation -

testing correlation between toxicity and aggregation

2. Optimizing MWNT dispersions -
testing the effectiveness and toxicity of Pluronic F-68 as a dispersant
for MWNTSs

* See poster by Hughes et al. for further details.
* Poster by Bushdiecker et al. on carboxylated SWNT toxicity.
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Preparation of Dispersed and Aggregated MWNTSs

MWNTS + BSA _ Cytotoxicity of MWNT-BSA Dispersions
Sonication £ 100
S
f'g -o-Centrifuged
Non-centrifuged %’ 50 <Non-centrifuged
MWNT-HB T
Dispersion -% 25
& o9
3 ® e S

Centrifugation

MWNT Concentration (ug/ml)

Centrifuged Stability of Dispersed and Dialyzed MWNTs

MWNT-HB - + - + Dialysis

Dispersion 0 hour 24 hours  Sedimt.
Dialysis

Dialyzed MWNT
Aggregates in H,0
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UT D
Cytotoxicity of Dispersed and Aggregated MWNTs

NRK Cells in Culture Media
A) Dispersed MWNTSs

Cytotoxicity of Dispersed and Aggregated MWNTs

[N

o

o
.|

~J
U

=@~-Dispersed
o ® Aggregated

N
i

o

0 25 50 75 100
MWNT Concentration (ng/mL)

Cell Proliferation (% of Control)
Ul
o

Removal of BSA induces MWNT aggregation.
MWNT aggregation has no effect on cell proliferation.
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MWNTSs: Improving the Dispersant Ut D

» We have been using the protein BSA

» Focused on Pluronic F-68 block copolymer

CH, X ~80
y ~27
H(OCHzCHZ)X(OCHzCI—l)y(OCHzCHz)XOH Molecular Weight ~ 8,400

N\

v Defined structure for modeling studies

v Inexpensive: BSA ~$3,000/kg vs. Pluronic ~$120/kg
v' Amenable to cleaning spills and instruments

v’ Effective

v Biocompatible: Oral LD50 => 15,000 mg/kg (Rat)
Dermal LD => 5,000 mg/kg (Rabbit)
FDA approved as a component of intravenous injections
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Comparing the Effectiveness of Pluronic and BSA
In Dispersing MWNTs

Dispersibility of MWNTs in PF68 and in BSA Solutions

700 —_—
600
500
400
300
200
100

“@©MWNT-PF68
<>-MWNT-BSA

O 30 60 90 120 150 180 210 240

Sonication Time (min)

MWNT Conc. (ng/ml)

Pluronic F-68 disperses MWNTSs faster and better than BSA solution.
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Comparing the Cytotoxicity of
MWNT-BSA and MWNT-PF68 Dispersions

Cytotoxicity of MWNT Dispersions
(100 pg/mL, 1 day incubation)
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MWNT-BSA dispersions are not toxic.

MWNT-PF68 dispersions become toxic upon sonication.
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Degradation and Cytotoxicity of PF68 upon Sonication

Sonication of Pluronic F68

Cytotoxicity of PF68 Upon Sonication

100 ﬁ\
75 |
K BPF68
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Sonication Time (min)

s

Increasing Sonication Time Increasing Sonication Time

» Less high MW components (A & B) > Reduced cell proliferation

MW 0 10’ 300 60" 90" 120" 180" 240

Cell Proliferation (% of Control)

» More low MW components (C)

Sonication of Pluronic Polymers == Degradation ==> Toxicity
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Degradation of PF68 in MWNT-PFG8 Dispersions Ur D

PFr68 _ MWNT-PF68 Dispersions

o 15" 30 45 60’ 90’ 120'180'2400 PF68  MWNT-PF68 Dispersions

MWNT

PF68

0’ 15 30’ 45 60' 90" 120’ 180' 240’

M Dispersibility — higher MWNT concentration

MCytotoxicity - reduced cell proliferation

Sonication Time ) )
MPluronic Degradation — detected small fragments
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Detoxification of Sonicated PF68 by Glutathione

GSH — glutathione (reduced) Detoxification of Sonicated PF68 by Glutathione

major endogenous antioxidant
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Glutathione prevents damage to cells
caused by reactive oxygen species
(free radicals and peroxides) L _
Sonication Time (min)

PF68 | sonicat »[ Cell death
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Summary and Future Work UT D

Summary:

1. Induce MWNT aggregation —
v' Aggregation of MWNTSs did not induce toxicity

2. Optimizing MWNT dispersions —

v Pluronic F-68 outperformed BSA in dispersing MWNTs
v' PF68 breakdown upon sonication, becomes toxic

Future Work:
1. Chemical and physical characterization of MWNT dispersions —
« Control MWNT aggregation in various solutions
« Particle size analysis by dynamic light scattering
« Surface modification and impurities

2. Survey biocompatible dispersants for various MWNTs —
« Effectiveness of Pluronic polymers in dispersing MWNT of various sizes

3. Cytotoxicity analysis —
« ROS scavengers in preventing polymer toxicity upon sonication
« Compare bio-accumulation of dispersed and aggregated MWNTSs in cells
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ESH Metrics and Impact ur D

Reduction in emission of ESH problematic material to environment:

»  Reduced the toxic material associated with commercial preparations of a variety of
single-wall and multiwall CNT types to a level such that the final CNT materials
displayed minimal toxicity to cells in a sensitive model cell culture system.

Identification of inherent material ESH properties and any process by-products:

»  Assessed inherent ESH properties of single-wall CNTs, multiwall CNTs, graphene
oxide, CMP ceria, and separable by-products.

»  Demonstrated that single-wall CNTs and multiwall CNTs themselves have little
inherent toxicity in cell culture models, and that observed toxicity is due to by-products
that can be separated from the CNTs or due to dispersant breakdown upon sonication.

Establish dose metrics:

»  Dose metrics established using cultured mammalian cells for single-wall CNTSs,
multiwall CNTs, graphene oxide, and CMP ceria.

Develop analytical tools to measure trace levels of materials in process effluents:

»  Developed sensitive methods to detect CNTs, functionalized CNTs, graphene oxide,
and CMP ceria using their unigue Raman signatures.

»  Improved the accuracy of the UV-VIS spectroscopy method to quantify the
percentages of semi-conducting and metallic CNTs

Predictive materials modeling and development of nanoparticle-bio interaction studies:

»  Developed predictive DLVO theory for CNTs and computer models for CNT-bio and
C60-bio interactions; developed coarse grained model of Pluronic dispersants.
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Industrial Interactions and

Technology Transfer

Leveraged core ERC funding to obtain Small Business Technology
Transfer (STTR) grant from the NIH.
» CNT toxicity.

Initiated MWNT studies due to industrial interest by Intel, T, and others.
» ESH of MWNTSs.

Submitted “round robin” report to ERC nanotox researchers and
industrial affiliates.
» ESH of ceria CMP.
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