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Interactions of SWNTs with Cells

*Short, dispersed SWNTs coated
with peptides or proteins

*"What coatings t SWNT uptake?

*"What are the SWNT
Uptake Mechanisms?

*"Where do the SWNTs go?

*How do Cells respond?

PhotoCredit: Invitrogen/Molecular Probes 6
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Masses of 0.8-nm dia SWNTs
with different lengths

25 nm ~84,000 amu

R R R O TR T 50 nm
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Acetone >99.9% purity

Molecular Weight: 58 g/mole

Kinematic Diameter: ~5 A

10
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as-received SWNT-containing powders

What's = SWNTs
Potentially = Metal Catalysts
|nside?

= Non-Tubular Carbon (NTC) species

= amorphous carbons
= graphitic nanoparticles
= carbides

= fullerenes

TGA, SEM, XPS, Raman

11
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TGA of two lots of the same product
received 4 months apart

from the same supplier

O
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SWNT-containing powders*

weight percents
SWNTs 26 — 82 %
NTC species 5—-44 %
Metals 10-32 %

*from a variety of sources/suppliers and SWNT manufacturing processes

13
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Sonication/Centrifugation Protocol to debundle SWNTs and
to minimize impurities from the SWNT-containing powder

1 mL of peptide or protein + 1 mg of SWNT-powder
Sonicate for 10 min (using a 3-mm probe tip)

The 1-mL solution is centrifuged at 160009 (2 min)
¥
o

Pellet, Supernatant,
~0.8 mL of sampleis removed and

ﬁ centrifuged at 16000g (2 min)
/\

Pellet, Supernatant,
v -—

Zorbas, et al. J. Am. Chem. Soc. (2004) 126: 7222-7227. 14




1st twenty pubs concerning cells being exposed to aqueous

CNT dispersions (red rows = significant toxicity observed)

ID #

Cell Line

CNT type Coating mg/mL Exposure Cytotoxicity Assay Sonic. Cent. EA
HEK MWCNT KGM media 0.1 24 h Neutral red + IL-8 5 min No Yes- TEM slices
AM macrophage S&MWCNT RPMI media 1.41 ug/cm2 6h MTT (% cytotoxicity) 20 min No
HaCat SWNT KGM media 0.06 18 h AlmarBlue + ESR 3 min No
HEK293 SWNT Essential media 0.0125 24 h MTT (% viability) No No
Hela f-SWNT SA 0.025 2h-1,2,3d CellTiter96 Yes Yes
6 HL60 f-SWNT SA 0.05 1h-2d Pl staining Yes Yes
7 MCF7 SWNT RPMI and RNA 04 72h Cell growth -MTS 90 min 0.45 filter
Hela f-S-MWCNT biological media 5.0-10.0 6h FACS NA NA
3T3 f-SWNT peptide 5uM 1h Pl and Annexin Yes Yes
HaCaT SWNT DMF 0.01 12h MTT (% viability) No No
1" H9c2 SWNT DMEM 0.2 1,2,3d Pl and Annexin 2x15 min No
12 Hela SWNT DNA/PL-PEG 0.025 12h - 45 min 220009
13 A549 f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
ECV f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
NR8383 f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
14 Jurkat f-MWCNT Amb-FTIC 0.04 1h Yes Yes Yes
fibroblasts MWCNT 0.0006 48 h microsc.: YO-PRO1 No No
fibroblasts f-SWNT pluronic F108 0.002 - 2 48 h MTT No No
17 macrophage SWNT purified and unp. 0.12 1-2h EPR-free radical 3x30 sec No 26% vs 0.23% Fe
18 HUVEC f-CNT IMDM media 0.0006 Ref-18 Neutral red & MTT not clear No
H596 lung tumor f-MWCNT Gelatin 0.02-02 ug/ml 1,2,3,4d MTT not clear not clear
“ CHO f-CNT HPA-lipid C18 0.08 3d PDT (+ or - coating) Yes & ? Yes & ?
fibroblasts MWCNT polysulfone 7d CellTiter96 - MTS not clear not clear
UTD-1 Hela SWNT Nano-1 100 ug/mL 6d PDT (+ or - coating) 10 min 10 min Yes - Fe: 1-2 ppm
UTD-2 Hela SWNT FBS/DMEM 50 ug/mL 6d PDT + MitoSOX 10 min 2min | Yes-Mo:3-6 ppAd D
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Cultured Cells exposed to CNTs

= Cell line

= CNT type

= CNT coating

= Dispersal procedure
= CNT concentrations
= Exposure times

" Viability tests 5
" 9% carbonaceous impurities peptide-rapped SWNT

= 0/ metal impurities

16
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How many tested for the presence of metals in their samples?

ID # Cell Line CNT type Coating mg/mL Exposure Cytotoxicity Assay Sonic. Cent. EA
HEK MWCNT KGM media 0.1 24 h Neutral red + IL-8 5 min No Yes- TEM slices
AM macrophage S&MWCNT RPMI media 1.41 ug/cm2 6h MTT (% cytotoxicity) 20 min No
HaCat SWNT KGM media 0.06 18 h AlmarBlue + ESR 3 min No
HEK293 SWNT Essential media 0.0125 24 h MTT (% viability) No No
Hela f-SWNT SA 0.025 2h-1,2,3d CellTiter96 Yes Yes
6 HL60 f-SWNT SA 0.05 1h-2d Pl staining Yes Yes
7 MCF7 SWNT RPMI and RNA 0.4 72h Cell growth -MTS 90 min 0.45 filter
HelLa f-S-MWCNT biological media 5.0-10.0 6h FACS NA NA
3T3 f-SWNT peptide 5uM 1h Pl and Annexin Yes Yes
HaCaT SWNT DMF 0.01 12h MTT (% viability) No No
1" H9c2 SWNT DMEM 0.2 1,2,3d Pl and Annexin 2x15 min No
12 Hela SWNT DNA/PL-PEG 0.025 12h - 45 min 22000 g
13 A549 f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
ECV f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
NR8383 f-SWNT growth media 0.05 1,23,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
14 Jurkat f-MWCNT Amb-FTIC 0.04 1h Yes Yes Yes
fibroblasts MWCNT 0.0006 48 h microsc.: YO-PRO1 No No
fibroblasts f-SWNT pluronic F108 0.002 - 2 48 h MTT No No
17 macrophage SWNT purified and unp. 0.12 1-2h EPR-free radical 3x30 sec No 26% vs 0.23% Fe
18 HUVEC f-CNT IMDM media 0.0006 Ref-18 Neutral red & MTT not clear No
H596 lung tumor f-MWCNT Gelatin 0.02-02 ug/ml 1,2,3,4d MTT not clear not clear
“ CHO f-CNT HPA-lipid C18 0.08 3d PDT (+ or - coating) Yes & ? Yes & ?
fibroblasts MWCNT polysulfone 7d CellTiter96 - MTS not clear not clear
UTD-1 Hela SWNT Nano-1 100 ug/mL 6d PDT (+ or - coating) 10 min 10 min Yes - Fe: 1-2 ppm
UTD-2 Hela SWNT FBS/DMEM 50 ug/mL 6d PDT + MitoSOX 10 min 2 min Yes - Mo: 3-6 ppm
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Nanoparticle toxicity assessments must be
accompanied by thorough material
characterizations!

Elemental Analyses of
SWNT Powders and Dispersions

Metals Ti
(Ppm) (Ppm)
SWNT powder ~18,000 --
SWNT dispersion ~8 0.15

Our CNT sample preparation protocol

effectively removes residual metal catalyst.
18
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Characterizations of SWNT dispersions
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Next Issue: the use of fluorescent
dye-based assays of cell viability
In the presence of CNTs

Oops They Did It Again!
Carbon Nanotubes Hoax Scientists in Viability Assays

J. M. Worle-Knirsch, K. Pulskamp, and H. F. Krug*
Nano Letters (2006) 6: 1261-1268

"Data from A549 cells incubated with carbon nanotubes fake a strong

cytotoxic effect within the MTT assay after 24 h that reaches roughly

50%, whereas the same treatment with SWCNTs, but detection with
WST-1, reveals no cytotoxicity.”

Now, there are publications that indicate problems with WST-1.

20



How many used fluorescence-based assays of cell health

without running the appropriate controls?

ID #

Cell Line CNT type Coating mg/mL Exposure Cytotoxicity Assay Sonic. Cent. EA
HEK MWCNT KGM media 0.1 24 h Neutral red + IL-8 5 min No Yes- TEM slices
AM macrophage S&MWCNT RPMI media 1.41 ug/cm2 6h MTT (% cytotoxicity) 20 min No
HaCat SWNT KGM media 0.06 18 h AlmarBlue + ESR 3 min No
HEK293 SWNT Essential media 0.0125 24 h MTT (% viability) No No
Hela f-SWNT SA 0.025 2h-1,2,3d CellTiter96 Yes Yes
6 HL60 f-SWNT SA 0.05 1h-2d Pl staining Yes Yes
7 MCF7 SWNT RPMI and RNA 0.4 72 h Cell growth -MTS 90 min 0.45 filter
Hela f-S-MWCNT biological media 5.0-10.0 6h FACS NA NA
3T3 f-SWNT peptide 5 uM 1h Pl and Annexin Yes Yes
HaCaT SWNT DMF 0.01 12h MTT (% viability) No No
1" H9c2 SWNT DMEM 0.2 1,2,3d Pl and Annexin 2x15 min No
12 Hela SWNT DNA/PL-PEG 0.025 12h - 45 min 22000 g
13 A549 f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
ECV f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
NR8383 f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
14 Jurkat f-MWCNT Amb-FTIC 0.04 1h Yes Yes Yes
fibroblasts MWCNT 0.0006 48 h microsc.: YO-PRO1 No No
fibroblasts f-SWNT pluronic F108 0.002 - 2 48 h MTT No No
17 macrophage SWNT purified and unp. 0.12 1-2h EPR-free radical 3x30 sec No 26% vs 0.23% Fe
18 HUVEC f-CNT IMDM media 0.0006 Ref-18 Neutral red & MTT not clear No
H596 lung tumor f-MWCNT Gelatin 0.02-02 ug/ml 1,23,4d MTT not clear not clear
“ CHO f-CNT HPA-lipid C18 0.08 3d PDT (+ or - coating) Yes & ? Yes & ?
fibroblasts MWCNT polysulfone 7d CellTiter96 - MTS not clear not clear
UTD-1 Hela SWNT Nano-1 100 ug/mL 6d PDT (+ or - coating) 10 min 10 min Yes - Fe: 1-2 ppm
UTD-2 Hela SWNT FBS/DMEM 50 ug/mL 6d PDT + MitoSOX 10 min 2 min Yes - Mo: 3-6 pp21
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Reactive Oxygen Species Dynamics
MitoSOX Red - a Superoxide Selective Dye
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2 30
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e DIC (A) and fluorescence (B) images of MitoSOX Red-treated cells
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Next Issue: CNTs can sequester
essential growth media components

Hela Cell Growth Rates

11.6 +

1.2 +

Control

+SWNTs

108 +

Ln (cell numbers)

0 1 2 3 4
Time (days)
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Next Issue: CNTs can sequester

essential growth media components
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NRK Cell Growth Rate
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Time (h) 24
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It makes perfect sense:
many proteins have hydrophobic pockets
and CNTs are hydrophobic

Fig. 11,

25



(How many of these 1st twenty pubs that reported
significant cytotoxicity were inaccurate???)

ID # Cell Line CNT type Coating mg/mL Exposure Cytotoxicity Assay Sonic. Cent. EA

5 Hela f-SWNT SA 0.025 2h-1,2,3d CellTiter96 Yes Yes
6 HL60 f-SWNT SA 0.05 1h-2d Pl staining Yes Yes
7 MCF7 SWNT RPMI and RNA 04 72h Cell growth -MTS 90 min 0.45 filter
o | o | ot | e | sw | in | e | e | e | |
1" H9c2 SWNT DMEM 0.2 1,2,3d Pl and Annexin 2x15 min No
12 Hela SWNT DNA/PL-PEG 0.025 12h - 45 min 220009
13 A549 f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
ECV f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
NR8383 f-SWNT growth media 0.05 1,2,3,4d MTT, WST-1, LDH, MMP 6x30 sec Yes Acid Treatments
14 Jurkat f-MWCNT Amb-FTIC 0.04 1h Yes Yes Yes

17 macrophage SWNT purified and unp. 0.12 1-2h EPR-free radical 3x30 sec No 26% vs 0.23% Fe

18 HUVEC f-CNT IMDM media 0.0006 Ref-18 Neutral red & MTT not clear No

UTD-1 Hela SWNT Nano-1 100 ug/mL 6d PDT (+ or - coating) 10 min 10 min Yes - Fe: 1-2 ppm

UTD-2 Hela SWNT FBS/DMEM 50 ug/mL 6d PDT + MitoSOX 10 min 2min | Yes-Mo: 3-6 pp6
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So what does the
UT Dallas Bionano Group do?

Well, it first starts with protocols
for the reproducible preparation of
purified CNT dispersions

27
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SOMCAON el
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Photograph showing the
. position of the sonicator
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tube and theice bath
level.
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Standard protocols for making and
quantitating CNT dispersions

0.35
A A, =0.002 a.u.

_ 0.30 RSD =2.1%
3 Austin
9 0.25
c
g Danielle
2 0.20
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0.15

800 950 1100 1250

Wavelength (nm)
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Sonicator probe tips can introduce
metals into CNT samples

240 min 980 min 1670 min

Fe 278 448 566
(Ppb)

Ti 249 312 393
(Ppb)

31



So what does the
UT Dallas Bionano Group do?

|
30 um

HelLa Cells + SWNTs (3 days)



NRK Cells: Fluorescent-dye Free
Cell Colony Formation Assays

. ‘ -

% of Control

Effect of BSA& BSASWNT on NRK
Cells Colony Formation Efficiency

120

100
80 -
60
40 -
20 -
0

BSA BSA-SWNT

Treatments

il D
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Are CNTs Inherently Cytotoxic?

The importance of thoroughly characterizing NP materials
and developing/following standardized label-free protocols
before cytotoxicity assessments are offered.

There are examples of certain:
= CNT types and chiralities

= CNT lengths

= CNT coatings

= Impurity levels

That are "OK” with certain:

= Cell lines

= CNT concentrations

= Exposure times

34
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Biomedical Applications of CNTs

Concerning the biodistribution of chemically modified
CNTs injected into mice and rabbits ...
... the groups of Dai / Weisman / Bianco
are showing that CNTs are rapidly cleared from the
animals with no evidence of toxicity.

However, and in addition to standardized protocols,
there still remains the need for standardized CNT
reference materials and characterization methods ...

... to provide society, legislators, investors, & scientists
with better in vitro and in vivo data sets !

35
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Improved Cell Viability Data

The amount of CNTs associated with
(i.e., taken up by and/or bound to) cells

36
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Development of a NIR Hyperspectral
Imaging System for the Direct, Label-free
Detection of SWNTs

Solid State
Laser
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Confocal microRaman Spectroscopy
Direct, Label-Free Detection of CNTs ‘

Horiba Jobin Yvon
®  632.8 nm Laser
L1 Spot size <2 ym
®  Confocal Pinhole
[ Size =400 um
= 50x objective
0 NA=0.75
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Confocal microRaman Spectroscopy

1-3 u m lateral resolution - Ideal for localized measurements

- 1500 -
. B

1000 -

Intensity (a.u.)

500 -

“ -
‘_.';..ﬁ ¥ ] -‘ i //\
R L. - _- 0 == : : ;

1200 1300 1400 1500 1600

Wavenumber (cm-1)

Inexpensive, rapid, accurate, method of quantitating total

intracellular SWNT concentrations from a plurality of cells

39
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Quantitative measurement of SWNTs
taken up by >104 NRK Cells
using SDS-PAGE

- W - ——

Wang, et al. Anal. Chem. (2009) in press. 40
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SDS-PAGE of BSA-SWNT Dispersions
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SDS-PAGE of BSA-SWNT Dispersions
(band detections using a flatbed scanner)

SWNT Dispersion
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15

42



|\-|_

Inexpensive, Label-free, Sensitive,
At-Line Detection of CNTs from a
Process Waste Stream

i J""“"" “

Our SDS-PAGE Method:
~1 1 L sample volumes and ~5 nanogram detection limits
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Quantitative measurement of BSA-SWNTs
taken up by >104 NRK Cells using SDS-PAGE
A

B
1-day incubation 2 a0
with "
different SWNT amounts E .
applied to cells )

0.0 25.0 50.0 75.0 100.0

SWNT Concentration (ung/mL) 14



BSA-SWNT uptake (1, 2, 3 days)

Time Dependent Uptake of Time Depentent Uptake of
BSA-Coated SWNT in NRK Cells BSA-Coated SWNT in NRK Cells
40
40
< —_
w 30 - <
= W 30 - e ¢
x = -
~ X -7
20 | < .~
%* 220 s
[ ‘é “// -
g 10 | 2 10 P y = 10.045x + 0.8338
= £ e R2=0.9791
0. ‘ | 0¢ ‘ ‘
0 day 1 day 2 days 3 days 0 1 2 3
Incubation Time Incubation Time (Day)

The uptake of BSA-SWNTs by NRK cells
is linear with incubation time and SWNT conc,,

which is consistent with fluidic-phase endocytosis mechanism a5
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Improved Cell Viability Data

11.6 1 Control

112 1 +SWNTs
- Applied to
qh, . .
2 108 Petrie Dish
=
=2
c
E 10.4
c
-l

10.0

9.6 :

0 1 2 3 4
Time (days)

46



A UT D)

Improved Cell Viability Data

116 1 Control
1.2 +
é 10.8
g 104 The amount of CNTs associated with
5 (i.e., taken up by and/or bound to) cells
10.0
9.6

Live-cell imaging of CNTs
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The UTD Bionanosciences Group
Academia

Chemists, Engineers,
Physical & Materials
Scientists

Medical and
Life Scientists

Business and Industry

Characterization of Raw CNT Materials
Preparation of Biocompatible CNTs

Intracellular Fate of CNTs and
Biological Response of Cells

CNT-based Targeted Cancer Therapies a8
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Predicting, Testing, and Neutralizing Nanoparticle Toxicity

Nanoparticle
material
Chemical & _ . .
Physical Computational Biological
Characterization Modeling & Testing
_ Predictions
TGAofE]:NT stag matria 47

AFM of biocompatible material

= 1300 1400 1500 1600 1700 1800
CNT - bio interactions

0
Wavenumber (cm)
in vivo localization
\ ‘ of CNTs using Raman

ESH
Management
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