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ABSTRACT

Carbon nanptubes LCNTs) exhibit a number of physicochemical properties that contribute to adverse
biologicMs. However, it is difficult to define the independent contribution of individual
properties @ yurified materials. We prepared a library of highly purified SWCNTs of different
lengths fro ¢ same base material by density gradient ultracentrifugation, designated as short (318
nm), meﬂi an), and long (1215 nm) SWCNTs. [In vitro screening showed length-dependent
IL-1B proL

transformi@ factor (TGF-B1) production in BEAS-2B cells. Oropharyngeal aspiration showed
that all the

were no ms between tube lengths. In contrast, these SWCNTs demonstrated length-
dependent amtib

Min order of long > medium> short. However, there were no differences in

s induced pro-fibrogenic effects in mouse lung at 21 days post-exposure but there

erial effects on E. coli, with long SWCNT exerting stronger effects than the

medium or short t@bes. These effects were reduced by Pluronic F108 coating or supplementing with

U

glucose. O show that length-dependent effects on pro-inflammatory response in macrophage

cell line an@”antibacterial effects, but not on collagen deposition in the lung. These data demonstrate

N

that over t scale tested, the biological response to highly purified SWCNTs is dependent on

the comple, e nano/bio interface.

d
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BACKGROUND

Single-walled carbon nanotubes (SWCNTs) exhibit unique physicochemical properties, including
high tenﬁreng;};, a band gap varying from zero to ~2 eV, and a variety of electronic phenomena
that can @ for sensors, electronics, batteries and integrated circuits."® The increased
commercialuse ot SWCNTs also enhances the possibility of human exposure during the
manufacﬁu mprocessing of materials that contain SWCNTs."  For instance, the aerosolization
of SWCN’&
demonstramduce acute and chronic inflammation in the lungs of experimental animals,
t 1

5-7]

s could lead to inhalation exposure in humans. Moreover, SWCNTs have been

including ty to induce pro-fibrogenic effects.! It is interesting that most toxicological
studies on s to date have focused on as-synthesized materials that generally consist of a
mixture of Nanottibe properties which could include length, chirality, metallic vs. semiconductor
properties,@ surface defects or different types of surface functionalization. As a result, it is
difficult to t

Although @have been made to obtain highly purified SWCNTs for establishing property-

s, this is a challenging undertaking. While it is generally accepted that long and

he contribution of individual nanotube properties to specific adverse outcomes.

activity rel

stiff (micr CNTs are more toxic than shorter or tangled tubes (nano-micron scale) tubes, the
data are b aterials of heterogeneous composition, without attempts to purify tubes of the
same le lop a tube-length series that is based on the same starting material.*"*! Moreover,

although it has shown that tubes longer than 10 um could act like fibers, with the ability to

induce agocytosis, "' our own studies have shown that SWCNTs and MWCNTs at

length scales well below those that frustrated phagocytosis, can induce acute and chronic lung injury.

7,18-21] s

In order to inVestigate the hazard potential of length-sorted SWCNTSs that are derived from the same
starting mserial, we developed a density gradient ultracentrifugation (DGU) method for SWCNT

purifica U allows fractionation of polydisperse SWCNTSs into finely-sorted materials that

can be Wcording to tube length or electronic properties (e.g., metallic or semiconductor).

This purification method also yields sufficient tube quantities for performance of structure-activity

analysis, ws one to address the role of individual tube properties to biological outcome.”

22]

One o eferred study approaches to assessing SWCNT and MWCNT properties is to study

6, 7, 18-21, 24, 25]

nic effects pulmonary cell types and the lung.! Many of these studies

have demonstrated that the long aspect ratio of these materials, rather than fiber-like dimensions, play
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a role in triggering lysosomal damage and IL-1P release in macrophages, which synergize with the

ability of these materials to induce TGF-Pl production in lung epithelial cells.® " '8! 2% 23]

Collectivel’i these')rocesses are involved in epithelial-mesenchymal transition (EMT), culminating in

chronic in jon and collagen deposition in the lung.*®’
I
In this stud§, we made use of DGU fractionation to prepare a series of highly purified SWCNTSs of

different length (from the same starting material) to investigate the impact on pro-fibrogenic effects in

the lung. n, we also assessed CNT length effects in E. coli, where it has been shown that

[27, 28]

SWCNTs are capable of inducing contact-dependent membrane damaging effects. In addition

to the sta s-plirchased material, we obtained a series of SWCNTs with average lengths of 318
(short), 78 ium) and 1215 nm (long). While the differences in tube length did not alter their pro-
fibrogenic effects s the lung, there was a differential effect on damaging lysosomes and inducing IL-
1B production in macrophages. We also observed length-dependent effects on £ Coli growth, with
long tubesficapable of inducing more severe, contact-dependent membrane effects. Collectively,
these data demonstrate that while SWCNTs can result in length-dependent effects under some
exposure sgend % the complexity of the nano/bio interface may determine to what extent tube length

influence thé'out€®me.

RESUE

FractionaSn, purification and characterization of different length SWCNTSs

We used radient ultracentrifugation (DGU) to separate SWCNT populations of varying
length scal cribed in Materials and Methods. Figure 1A provides a schematic illustration and
pictures of onated SWCNT solutions during DGU sedimentation. Briefly, the process begins
by soniﬂthesized SWCNTs at 9 W or 40 W for 2 hours in a surfactant solution, containing

2% W/Weoxycholate (SDC). This suspension is centrifuged to remove aggregated
SWCNTs, migldisgy a surfactant solution containing individually separated SWCNTSs. Subsequently,
the SWCNT dispelsion is subjected to DGU sedimentation in an iodixanol density gradient. DGU

fractionation yi three major SWCNT populations that differ by length, as confirmed by atomic

force y (AFM) and optical absorbance spectroscopy. Figure 1B shows the length versus

diameter histo , demonstrating average length scales of 318, 789 and 1215 nm, at a consistent

This article is protected by copyright. All rights reserved.
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diameter. We labeled the length-sorted SWCNT fractions as short, medium and long SWCNTs,
respectively. Their representative AFM images are shown in Figure 1C, and demonstrate the presence
of individualized Jiibes with minimal aggregation and average diameter size of ~0.86 nm. The
correspondingsAEM histograms of unsorted SWCNTs are provided in Figure S1, which shows a
larger lenggh pution as expected. Figure 1D provides optical absorbance spectra of the three
length-sorted SWCNTS fractions. The two primary peaks at ~566 nm and ~976 nm are characteristic
I
of the semi@onducting (6,5) CoMoCAT SWCNTs used in this study.

Table 1. M i ities in Length-sorted SWCNTs.

SWCNT i iorted short medium long

Mo (wt %) 5 5.27 3.76 4.18

The elemental comfosition was determined by ICP-MS.
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Figure 1: Fractionation and characterization of length-sorted SWCNTSs. (A) Scheme to explain the density
gradient ultracentrifugation (DGU) procedure for preparing length-sorted SWCNTs. (B) Length and diameter
data were obtained for the sorted tubes through the use of AFM. The average diameter of the of the sorted
SWCNTW, while the average lengths were measured to be 318 nm, 789 nm and 1215 nm for tube
categories labeled as short, medium and long, respectively. Histograms were obtained for at least 100 individual
SWCNTs i e. (C) Representative AFM images of the three length-sorted samples. (D) UV-Vis-NIR
absorption Spg the length-sorted SWCNTs. The two absorption peaks ~566 nm and ~976 nm are

characteristic of the semiconducting (6, 5) CoOMoCAT SWCNTs used throughout this study.
I

-
ICP-MS w yed to identity and quantify residual catalysts in the tube samples (Table 1). The
level of Co@in the short SWCNTs were 4.0 wt% and 5.27 wt%, 0.70 wt% and 3.76 wt% in the
medium S and 1.55 wt% and 4.18 wt% in the long SWCNTs, respectively. The
corresponms of the unsorted SWCNTs were 7.80 wt% and 8.55 wt%, respectively (Table 1).

Assessmermydrodynamic size by dynamic light scattering (HT-DLS, Dynapro Plate Reader,

Wyatt Te showed hydrodynamic diameters of 10,124 nm, 17,712 nm, 25,002 nm,
respectivel e short, medium and long SWCNTSs suspended in deionized water (DI H,O).
These hymic sizes decreased when the SWCNT samples were suspended in complete
RPMI1640 Mg and LB medium (Table 2) as a consequence of the coating of the tube surfaces by

proteins. otentials of the SWCNTs ranged from —9.9 to —17.3 mV in DI H,O and —6.8 to

-14.6 i Iture media (Table 2).

Table 2. Hydrodynamic diameter and zeta potential of SWCNTs.

s SWCNT DI H20 RPMI1640 BEGM LB LB+glu LB+PF108

unsorted 12341+743 180247 2335+201 2179%137 1855%132 587131
Short 10124+698 13771623 1645+358 1772102 1664+119 399+37

hydrodyna )
medium 177122316 1617+337 1763126 1917199 19741154 45149

Long 25002663 19921639 23061717 21381251 23601187 596174
unsorted  -17.3%1.0 -11.720.5 -8.3%1.4 -13.3£3.1 -12.6£0.8 -11.1%1.2
< rogaligod)

Short -11.0£0.4 -13.6£0.7 -12.9%0.7 -11.1%0.6 -7.2£0.7 -7.3%0.1
medium -16.710.2 -7.1£0.1 -6.8£1.0 -13.5t1.4 -9.6£0.9 -6.410.9

: Long 9.930.1  -11.4%0.2 -14.6%0.5 -8.6%0.3 -9.8t0.5 -5.6%3.0

The hydrodynamicgdiameters of SWCNTs in H,O, BEGM, RPMI1640, LB, LB (supplied with additional
glucose) and ydrodynamic diameters of Pluronic F108 coated SWCNTs in LB were determined through the
use of higl chput dynamic light scattering (HT-DLS, Dynapro Plate Reader, Wyatt Technology). The zeta
potential was mcaStmed using a ZetaSizer Nano-ZS (Malvern Instruments, Worcestershire WR, U.K.).
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The effect of SWCNT length scale on cytotoxicity and pro-inflammatory effects in tissue culture

cells

We tested @ oxic potential and pro-inflammatory effects of sorted SWCNTs in THP-1 and
BEAS—?@ W THP-1 cells were chosen for their ability to differentiate into macrophage-like
cells, whiclllare capable of assembling NLRP3 inflammasome components in response to long aspect

ratio materia

such as CNTs) or rare earth oxides. BEAS-2B is a human bronchial epithelial cell line
Ts with TGF-B1 production. Both represent portal-of-entry cell types that may

encounter nanopatrticles in the lung. We used an MTS assay to demonstrate that the sorted SWCNTSs
have minofleff€ctsfon THP-1 viability at lower doses (12.5 and 25 pg/mL) but induced more than a

40% decreasg.in yiability at the highest dose for short and medium SWCNTs. However, there was no
statistically signiﬁgnt difference between the tubes at the highest dose level (Figure 2A). In the case

of BEAS-2B cells, only the short tubes exerted statistically significant reduction in viability at the
highest do! of 100 pg/mL (Figure 2B). In contrast, there was a significant decrease in cell viability in

response to nano-Zn0, used as a positive control. These results also agree with an ATP assay, which
demonstrat length-dependent effects on the viability of both cell types (Figure S2A and B).
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Figure 2° y and pro-inflammatory cytokine production in THP-1 and BEAS-2B cells exposed
to SWCWTS assay was used to assess the cytotoxic effects of SWNCTs in (A) THP-1 and (B)
BEAS-2B cells. Both cell types were exposed to 12.5, 25, 50, and 100 pg/mL for each category of sorted and
unsorted S sYor 24 h. The media were replaced with the MTS working solution, and following the
removal of natants, absorbance was read at 490 nm in a microplate reader (SpectroMax Mb5e,
Molecular Devices,ssunnyvale, CA, USA). All the MTS values were normalized with respect to the non-treated
control, whi s regarded as representing 100% viability. The supernatants were used to quantify the IL-1f
D) levels by ELISA. *p < 0.05 compared to control; # p<0.05 compared between the two
groups indicate 11 dose levels respectively. (E) Confocal microscopy demonstrating the lysosomal damage
in THP-1 cells by Magic Red staining. THP-1 cells were seeded into 8-well chamber slides and incubated with
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100 pg/mL of sorted and unsorted SWNCT suspensions in complete RPMI 1640 for 24 h. After fixation and
permeabilization, cells were stained with Magic Red (ImmunoChemistry Technologies) and Hoechst 33342 dye,
followed by visualization under a confocal 1P/FCS inverted microscope. Monosodium urate (MSU) crystals
were us ifive control, demonstrating that the punctate Magic Red staining seen in intact lysosomes
(control cellS) changes to diffuse cytosolic fluorescence after damage to the lysosomal membrane. The scale bar

represents 2Qg:th
IL-1pB production and release into the supernatants of THP-1 cells was assessed to determine if tube

length has @n effect on NLRP3 inflammasome activation. The results demonstrate a length-dependent

oduction in the order, long > medium > short tubes (Figure 2C). Unsorted tubes
IL-1p production that was approximately of similar magnitude as of those medium-

length tubes. nosodium urate (MSU), which was used as the positive control, induced the most

robust respong€ (Higure 2C). We also used BEAS-2B cells to assess the production of TGF-B1,

[6, 20]

which acts as a pro-fibrogenic growth factor in the lungs of SWCNT-exposed animals. In spite

of the fact that T@F-B1 production by the epithelial cells was less robust than IL-1pB release from
THP-1 cells,

(Figure ZIS IL-1p and TGF-B1 exert synergistic effects during the induction of epithelial-

ere was no differences in the responses of both length-sorted or unsorted SWCNTs

mesenchy ion (EMT) in the intact animal lung.!>*"->*!

(O

Since d contact or uptake is required for the responses depicted in Figure 2, we compared
the relative a ce of cellular association with sorted and unsorted tubes by side scatter analysis

(flow ¢

THP-1 cells. No differences were observed for tubes of different lengths size
(Figure S3). This suggested that the differences in IL-1f production result could be determined by the
intracellula!iate of the materials, including effects on the lysosomes. A fluorescent cathepsin B

substrate, giea Red, was used to assess lysosome integrity and enzyme release by confocal

microscop @ 2E). Compared to the punctate distribution of cathepsin B in intact lysosomes in
untreated cel age to this organelle by MSU or unsorted tubes leads to cytosolic release and
diffuse intgacellular spread of the dye. We also observed that sorted tubes can induce size -
dependent damage,to the lysosomal membrane, with long tubes releasing more Magic Red than
medium and short tubes (Figure 2E). These results are consistent with the induction of IL-1p release
from THPE@JW 2C). All considered, the confocal data reveals length-dependent SWCNT

effects in =1 cells.

SWCNTs induce pro-fibrogenic effects in the lung, irrespective of length.

This article is protected by copyright. All rights reserved.
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We have previously demonstrated that the aspect ratio, state of dispersion, hydrophobicity, metal

impurities, surface reactivity, and chirality contribute to the hazardous pulmonary effects of CNTs.[* "

18.20. 21. 293 Thesamproperties affect cellular uptake, lysosomal localization, catalytic injury to the

lysosome ne, assembly of the NLRP3 inflammasome and IL-1f production in pulmonary
macropha, activation of the macrophages contributes to the EMT process, during which the
producta)n of Rro—ﬁbrogemc growth factors (e.g., TGF-f1 and PDGF-AA) by epithelial cells lead to

7,26

collagen d@position in the lung.”>**! To determine to what extent SWCNT length may impact pro-

fibrogenic effects in the lung, oropharyngeal aspiration of the length-sorted SWCNTs was performed

in C57BL/@ mice.

We selected an exposure dose that is based on the occupational assessment of
airborne CN Is in a production facility, where ambient exposure levels can attain levels as high
as 400 ug/@’. Fsing this as the theoretical exposure amount in an adult subject breathing ambient air
at 10 L/mi uming a 30% deposition rate for the tubes during an occupational exposure for 32
weeks (8 h/day, 5 @l'week), the total lung burden will be 92.16 mg. Assuming an alveolar surface area
of 102 m” in a human adult, the equivalent surface area dose amounts to 903.53 pg/m’ in the lung of

an exposedthuman worker. This equals 1.81 mg/kg in a 25 g mouse with an alveolar epithelial surface

fl

area of 0.05 m". In accordance with these calculations, we selected a bolus instillation dose of 2

mg/kg for d unsorted SWCNTSs in mice. The positive control was 5 mg/kg Min-U-Sil (a-

d

quartz), a highl ctive material that causes chronic lung inflammation and fibrosis.

Author M
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Figure TE: of the pro-fibrogenic effects of the length-sorted SWNCTs in mice. C57BL/6 mice
were ex g/kg bolus doses of SWNCTs delivered by one-time oropharyngeal aspiration. Animals
were euthanized after 21 d, and BALF was collected to determine (A) TGF-B1 and (B) PDGF-AA levels. (C)
Assessment Of total collagen content by a Sircol kit (Biocolor Ltd., Carrickfergus, UK). *p < 0.05 compared to

control. (D) deposition in the lung was assessed by staining lung slices with Masson’s trichrome.
Collagen is stained blue in the images viewed under 100x magnification. Animals exposed to quartz (SiO,)

served as a % pntrol.

Previous studies from our laboratory showed that IL-10 production in the lung is an early event (in the

first few d@ys), which sets in motion the march of events that subsequently leads to EMT and

[7. 21 We therefore assessed IL-1B levels in the

production_of pro-fibrogenic growth factors.
bronchoaldolar |avage fluid (BALF) 40 h after oropharyngeal aspiration. While the results showed
that all the sortejand unsorted SWCNTs could induce IL-1B production, there was no length-

dependent igure S4). This is similar to the data on pro-fibrogenic growth factors in the

BALF. ¢ in vitro differences of IL-1f production were negated by a more complex nano/bio
interface rgan level.

This article is protected by copyright. All rights reserved.
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Another animal sacrifice was performed 21 days after exposure. Examination of the BALF
demonsMigniﬁcant changes in the total and differential cell counts in response to the
various S\@arations. Histological examination showed mild pulmonary inflammation in
response t all SWCNT preparations (not shown). These morphological changes were
accomp®hiE@"BY™Fnificant increases in TGF-B1 and PDGF-AA levels in the BALF of quartz and all
SWCNT e imals (Figure 3A and B). Although quartz induced the biggest response, there
were no differenCes in TGF-f1 or PDGF-AA levels between the different tube types. These results
agree WithUsurement of collagen deposition in the lung, determined by a Sircol assay. This
demonstramimately similar increases in the collagen content in lung tissue during exposure to
quartz, non edfdnd length-sorted SWCNTs (Figure 3C). Moreover, standing of the lung tissue by
Masson’s , revealed approximately the same limited amount of collagen deposition in
response tg and unsorted SWCNTs (Figure 3D). These results indicate that, in spite of
differencesgd production in THP-1 cells, it was not possible to demonstrate a length-dependent
effect of SE

on collagen deposition in the lung. A possible reason for the differences in vitro

and in vivo ompared to the tissue culture (THP-1 cell) conditions, the heterogeneous cellular

d

population o ing do not have the discriminatory ability of a single cell type to discern tube

length uring the generation of the EMT process.

M

Length-dependent antibacterial effects in E. coli.

[

In additio azard potential in a mammalian organ, such as the lung, SWCNTs also pose a
danger to t nment, including exerting anti-bacterial effects in a model organism like E. coli.
(27, 28, 32:40] mly, these damaging effects are caused by direct tube interactions with the bacterial
membrane. Zfludh While we have been able to use DGU-purified metallic and semiconductor

n

SWCNTs t@study their effects in E. coli, similar investigations for length-sorted tubes have not been
carried qutd®  Utilizing length-sorted tubes, we looked at the effect on bacterial growth in LB media.
We inocul li cultures in log-phase growth with 12.5-200 pg/mL of the length-sorted tubes,

Lt

and determine cellfdensities (ODgqo) after 24 hours. The results demonstrated a differential effect on
E. coli growth ighibition in the hierarchical order long > medium > short tubes (Figure 4A).

Unsort Ts had approximately the same growth inhibitory effects as medium length tubes

A

(Figure 4A). ver, we also compared the growth inhibitory effects to the morphology of the

This article is protected by copyright. All rights reserved.

13



bacteria, using scanning electron microscopy (SEM) (Figure 4B). This demonstrated that the uniform
rod-shaped appearance and smooth surface of the bacteria undergoing changes during incubation with

medium a* lonﬁ 'bes. Not only did the nanotubes adhere to the bacterial surfaces, but they induced

40 - Medium

incrementa ening of the cell and membrane ruffling. Small tubes had little effect, while
unsorted S ad approximately the same effect as long tubes.
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Figure 4: ﬁsessm?t of the antibacterial effects of length-sorted SWNCTs in E. coli. (A) E. coli cell

growth by optical absorbance (OD 600 nm) in a plate reader (SpectroMax MSe, Molecular
Devices, Su A, USA). The cultures were incubated with 12.5, 25, 50, 100 and 200 pg/mL SWNCTs
for 24 h in regular medium. (B) Scanning electron microscopy (SEM) was used to assess morphological
changes in osed to sorted and unsorted tubes at 200 pg/mL for 24 h. After fixation and dehydration,
the cells were i under a JEOL JSM-67 field emission scanning electron microscope at 10 kV. The scale
bars rep in length.
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The tight adherence of medium, long and unsorted tubes to the bacterial surface suggests a membrane

damaging effect, as previously reported for SWCNTs.*-3% 411

the sorted 'bes W'h' the block copolymer, Pluronic F108 (PF108), which leads to the formation of a
brush-like cg

This notion was confirmed by coating

ing on the tube surface. Pluronic coating improves the suspension stability of the

21,42
nanotubes (21, 42]

s media and also interferes in direct tube binding to the surface membrane.

It is therefore of interest that PF108 coating could reverse the growth inhibitory effects of long,
I

medium as unsorted tubes in E. coli (Figure 5A-D). PF108 coating also improved the in the

age in response to long tubes (Figure SE). It was also possible to improve the

bacterial gro edium (Figure S5). SEM confirmed the improvement in bacterial morphology

under thes@l g conditions (data not shown). In summary, the bacterial data demonstrate clear
evidence o -dependent bactericidal effects for SWCNTs.
B
Unsorted 120% Long

% | —=—regular LB 20% 4 —m—regular LB

—=—w/ PF108 —=—w/ PF108

0 25 50 75 100 125 150 175 200 225 0 25 50 75 100 125 150 175 200 225
Dose (ug/mL) Dose (ug/mL)

D
Medium 120% Short

;,;
-
% Growth @OD ¢
3
8

b | —S—regular LB 20% —m—regular LB

—=—w/ PF108 —#—w/ PF108

% -+ ———— 0% + ————
0 25 50 75 100 125 150 175 200 225 0 25 50 75 100 125 150 175 200 225
Dose (ug/mL) Dose (ug/mL)

" Long, non PF-coated

“«

Long, PF-coated

sorted and unsorted SWCNTSs (with or without Pluronic F108 coating was measured at OD
inhibitory curves are shown for: (A) unsorted, (B) long, (C) medium and (D) short SWCNTs.
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show the morphological changes in E. coli, following exposure to long, non PF108-coated and long, PF108-
coated SWCNTs. The scale bars represent a length scale of 2 pm.

e
Q.
o

DISCUSS

In this stuc@essed the biological impact of highly purified SWCNTs at different length scales
in mamm%s, bacteria and the murine lung. /n vitro screening showed length-dependent

induction production by the SWCNTs in THP-1 cells, with the longer tubes being more

toxic. Hjere were no length-dependent differences in TGF-B1 production in an epithelial

cell line, which algp agrees with the lack of differential effect in the induction of increased collagen

material 1

deposition i ung. Length-sorted nanotubes also did not show differences from the base
terms of their pro-fibrogenic effect in the lung. However, similar to the effect of

macrophage tubes inducing significantly higher antibacterial effects in E. coli than medium
length tubgs, short tubes had no effect. The antibacterial effects of the longer tubes were
dependent on tube adherence to the bacterial membrane, leading to morphological changes that are
reversib 108 coating or supplementation of the bacterial growth medium with glucose. All
considere ata demonstrate that over the length scale 318-1250 nm, SWCNTSs could generate
adverse ffects, the outcome of which is dependent on the complexity of the environment

in which the exposure occurs.

L

One of the@nt findings of this study is that CNTs can induce pro-fibrogenic effects at the
submicron ale, which indicates that the pulmonary hazard potential is not restricted to fiber -
like di MLI21607. 431 Many of the toxicological studies premised on the fiber paradigm
have mWWCNTS, such as Mitsui-7, with length scales up to 10 um or more in comparison
to shorter ﬁ 12.13. 28401 Not only did the acquired materials include a heterogeneous mixture

of length scales, bul involved comparisons to shorter tubes of different physical chemical composition,

g property variations other than length. Attempts to improve the analysis with
s have been challenging without suitable separation techniques for sorting tube length,

as well as tra ing purified materials into biologically appropriate buffers. Our study demonstrates
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the use of a DGU separation technique that allowed us to prepare length-sorted SWCNTSs from the
same starting material, in addition to allowing material preparation in biologically relevant aqueous
media. Str" inglxi,his allowed us to demonstrate a length-dependent effect on IL-1J production,
premised on thesmolecular initiating event that involve lysosomal damage by long and medium length
tubes (Fig @ The CNTs were dispersed by BSA and DPPC, using a widely used NIOSH
protocol.***°" " While BSA plus DPPC have been shown to contribute to the formation of a corona on

H I
the CNT ;rface, we do not have any reason to believe that the effect selectively changed the
1

bioreactivity ividual materials in the library."*** We do not know for sure what the mechanism

is for the I@ngth-dgpendent effects of CNTs in lysosome damage. What we do know is that longer

tubes have higher hydrodynamic sizes than short ones, which means that in any enclosed space after
phagocytodis, fhergiis an increased chance of interacting with the phagolysosomal membrane. This

opens up t ility that additional physicochemical features such as a reactive tube surface or the

47500 Thus, a combination of tube length,

generation of oxyg@n radicals may lead to membrane damage.!

aspect ratio and surface reactivity may determine the site of intracellular localization and catalytic

damage toge particular endosomal compartments. However, this effect is limited to phagocytic cell

types like macrophages, which differs from the response in epithelial cells, which requires activation

of the TG@D pathway.®" > Since the epithelial response may not be critically length-
i

dependent, Id explain why the intermingling of the macrophage with the epithelial cell

respons 1vo may not result in increased collagen deposition in the lung.

In contrast to our observations in the mammalian system, several studies have demonstrated that a
SWCNTs Mns or composite films can exert antibacterial effects.””*****!  This includes the
demonstralonger length (>5 pm) SWCNTs in E. coli exhibit more robust antimicrobial

activity tham r (<1 pm) tubes.”™™ Moreover, our own study demonstrates that medium, long
and unsorte Ts form a meshwork that is tightly adherent to the E. coli membrane, while short
tubes fail tQ do so (Figure 4B). It is possible that this interaction leads to lipid peroxidation in the
bacterial mgmbrang, leading to interference in bacterial growth and morphological changes. The
importarMion to the bacterial membrane was confirmed by coating long SWCNTSs with the
triblock copolymdt, PF108, which adheres to the SWCNT surface through its intermediary
hydrophobic segment, allowing the hydrophilic blocks to form brush-like protrusions that provide

"% PF108 coating interfered in the growth inhibitory effects of long, medium and

unsorted Interestingly, the growth inhibitory effects of uncoated tubes could also be

reversed by supplementing the LB medium with glucose (Figure S5). The same phenomenon has
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also been observed with other SWCNTs and 2-dimensional nanomaterials, such as graphene and

graphene oxide.[*" ¥

T

Our study w ant for understanding the structure-activity relationships (SAR) that underpin

SWCNT‘oMough SAR studies have shown that a number of physicochemical properties may

contribute®o CNT toxmty in vitro and in vivo, there are knowledge gaps about the exact role of CNT

propertiesm tube length. Our ability to use DGU to prepare highly pure, length-sorted tubes

demonstra

increasing musing highly purified SWCNTSs for electronic and non-biological applications, it is

lue for performing biological structure-activity analysis. Similarly, there is also an

also impor dapt these methods to allow safety investigations. Through our use of the DGU
method in ion with in vitro and in vivo assessment strategies, we have been able to show
how lengt WCNTSs can be introduced for predictive toxicological assessment of an important

parameterCﬂar way as recently undertaken for the study of semiconductor versus metallic

properties 6200 We have also used the establishment of nanomaterial libraries to study
the SARs carbonaceous nanomaterials, including graphene and graphene oxide.[* **  The
current st onstrates that in addition to using the approach for assessment of pulmonary
tOXlClty§WCNTS can also be used to study antibacterial effects in E. coli.

CONCLUSION

In summary, !Hrough the use of highly purified, length-sorted SWCNTs, we demonstrate that it is

Jiscern differences in the biological behavior of SWCNTs over a length scale of

“"However, while we observed differences in macrophage injury responses, no length
dependﬂgenio effects were observed in epithelial cells and the lung. We did observe,
howevet r tubes could damage the E. coli membrane, leading to growth inhibitory effects.
These ew be alleviated by surface coating with a polymer or adding glucose to the bacterial

growth meB
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MATERIALS AND METHODS

Preparation of length-sorted SWCNT solutions: Length-sorted single-walled carbon nanotubes
(SWCNI s'were prepared by sedimentation density gradient ultracentrifugation (DGU), following a
previously d method.”> **! To minimize the diameter range of the tubes, (6,5) enriched

CoMoCAT=symthesized SWCNTs (Southwest NanoTechnologies Inc., SG65i, purity >95%) were

used as %e?mgmaterial. In a typical procedure, 20 mg of CoMoCAT SWCNTs were dispersed in
an aqueousg of 2 % w/v sodium deoxycholate (SDC, Sigma Aldrich) using a horn tip sonicator
(Fisher Sc@omc Dismembrator 500) at 9 W or 40 W power for 2 hours, followed by
centrifugati

diluted wimv SDC solution to prepare gradient solutions for fractionation. SWCNT length
separation

iodixanol sm in 8 mL, 2 mL and 1.5 mL volumes, respectively. The density gradients were
created in

SWCNT s@ntaining 30% w/v iodixanol was placed in the middle of the centrifuge tube,

above the

SW32 Ti m&ma L-80 XP, Beckman Coulter) to provide differential sedimentation as a

emove aggregated SWCNTs. Subsequently, OptiPrep (60% w/v iodixanol) was
formed using a three-layer density gradient based on 25%, 30%, and 40% w/v
entrifuge tubes by layered addition to provide incremental density. 2 mL of the

anol solution. Ultracentrifugation was performed for 20 hours at ~70,000 g in a
function o

length. Fractionation was performed in 4.7 mm steps using a piston gradient

fractio p Instruments, Inc.).

Preparation for SWCNT characterization: The CoMoCAT SWCNTs used in this study were
synthesize(sgy a supported catalytic chemical vapor deposition (CVD) process that involves the use
of cobalt (Co
@ microscopy (AFM). AFM samples were acquired by dropcasting 50 uL of
SWCNT solutfon onto amine-modified (3-aminopropyltriethoxysilane, APTES) SiO, substrates. After
15 secoﬂstrate was gently rinsed with deionized (DI) water, dried with N,, and imaged by
tapping

and dia . ctively coupled plasma mass spectrometry (ICP-MS) was used to determine the
identity anﬁount of residual catalysts in each length-sorted SWCNT sample. UV—Vis-NIR

spectromet

and molybdenum (Mo) as catalysts. The length-sorted SWCNTs were characterized

using ato

. At least 100 individual SWCNTSs were measured to obtain histograms for length

arried out on a Varian Cary 5000 spectrophotometer (Agilent Technologies) using

a 10 mm microcuvette.
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Preparation of sorted SWCNT Suspensions for Use in Tissue Culture: For cytotoxicity studies,
the residual chemicals (e.g., SDC and iodixanol) were removed by flocculating the SWCNTs through
the additioI of foii'volumetric parts of ethanol to one part of tube solution. The solution was vacuum-
filtered usi .05 um alumina membrane (Whatman® Anodisc) and washed three times with
deionized r. Following vacuum filtration, the surfactant-free SWCNTSs were weighed and

resusperﬁded in DI water.

Cellular eXposurgito SWCNTs for assessing Cytotoxicity and Pro-Inflammatory Effects: The
SWCNT stock ensions were prepared in DI H,O at 1 mg/mL. BEAS-2B and THP-1 cells were
obtained fi TEC (Manassas, VA). 1x10* BEAS-2B cells were cultured in 0.1 mL BEGM in 96-

Crl

well plates °C. THP-1 cells were pretreated with 1 pg/mL phorbol 12-myristate acetate (PMA)
overnight and prinjéd with 10 ng/mL lipopolysaccharide (LPS). Aliquots of 3 x 10* primed cells were
cultured in 0.1 mL medium with carbon nanotubes in 96-well plates (Costar, Corning, NY, USA) at
37 °C for 2& h. In order to provide less aggregated tubes that can be suspended in biological culture
media, all suspensions were freshly prepared by adding a desired amount of stock solutions

to BEGM 1640 media at 12.5-100 pg/mL in the presence of BSA (0.6 mg/mL) and DPPC

arfi

(0.01 mg/mE). er 24 h, the supernatants were collected for the measurement of IL-1§ (BD
Bioscie an Diego, CA) and TGF-f1 (Promega, Madison, WI), using ELISA kits according to

manufacturersgl ctions. Concentrations are expressed as pg/mL. The remaining cells were treated

with 1 medium containing 16.7 % of MTS (CellTiter 96 Aqueous, Promega Corp) for
0.5 h at 37 °C. The plates were centrifuged at 2000 g for 10 min to remove the cell debris and the

tubes. 85

F

supernatant was transferred into a new 96-well plate. The absorbance was read at

490 nm on aMax M5 microplate reader (Molecular Devices Corp., Sunnyvale, CA, USA).

G

Confocal Microscopy to Assess Lysosomal Damage and Cathepsin B Release: A total of 1x10°

1

primed THR-1 cellsggwere seeded into each well of an 8-well chamber and incubated with 50 pg/mL

:

SWCNTs f fter fixation in 4% paraformaldehyde for 1 h in PBS, cells were washed three

times with PBS ag@l stained with Magic Red (ImmunoChemistry Technologies) at 26 nM for 1 h.

3:

Following furth ashing in PBS, the cell nuclei were stained for 30 min with 5 ug/mL Hoechst

33342. ber was visualized under a confocal microscope (Leica Confocal 1P/FCS) in the CNSI

Advanced Ligh roscopy/Spectroscopy Shared Facility. High magnification images were obtained
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with the 100x objective. Untreated cells were used as control. Cells treated with 100 pg/mL

monosodium urate (MSU) crystals served as the positive control.

Oropharyation to assess Pulmonary Effects in Mice: Eight-week-old male C57Bl/6

mice weke pakehased from Charles River Laboratories (Hollister, CA). All animals were housed under
standard lasratory conditions according to UCLA guidelines for care and treatment as well as the
NIH Guide gor Care and Use of Laboratory Animals in Research (DHEW78-23). The animal
experimen@pproved by the Chancellor's Animal Research Committee at UCLA and include
standard opgratiag.procedures for animal housing (filter-topped cages; room temperature at 23 + 2 °C;
60 % relatwity; 12 h light, 12 h dark cycle) and hygiene status (autoclaved food and acidified
water). Anj sure was carried out according to the oropharyngeal aspiration method developed
at NIOSH. The agiimals received oropharyngeal aspiration of short-, medium-, long-, and unsorted-
SWCNTs &d in saline at 2 mg/Kg in the presence of BSA (0.6 mg/mL) and DPPC (0.01

mg/mL). Te mice were sacrificed after 21 days to assess the sub-chronic effects. Bronchoalveolar

lavage fluid (BALF) and lung tissue were collected for measurement of TGF-B1 and PDGF-AA levels
and performan Hematoxylin and Eosin (H&E) or Masson’s trichrome staining.

Assessme e effects of SWCNT Length on E. coli growth: E. coli, strain ATCC 25922, was
used to ossible SWCNT effects on bacterial growth. Briefly, 1 mg/mL of each of the

SWCNT stock solutions was dispersed in LB media at 200 pg/mL. The mixture was sonicated with a
probe (Sorhaterials, USA) for 15 s at 32, following which the suspensions were diluted in

culture me wise fashion to obtain two concentrations of 12.5, 25, 50, 100 and 200 pg/mL. 50
uL of eac suspension was pipetted into 384-well microplates, using 9 replicates for each
dose. The bacterial culture (ODgy between 0.5~0.7) was then inoculated into the plate
containing !; ;ECNT suspensions by a plastic 384 pin replicator (Genetix Molecular Devices).

Sterility_an@l blankl8ontrols (bacterial media with no inoculation) were included for each concentration

3 replicateﬁ 24 h incubation at 37 °C, a Biotek Synergy plate reader (BioTek, Winooski, VT)
0 monit

was used t ODggo. The growth curve was constructed using the following equation:

<
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A
%Growth =LANP’M><IOO%, where Axpg is the absorbance of the bacterial culture in the
B~ “IB.M

presencM s; Anpm 1s the absorbance of the SWCNTs in the absence of bacteria (average of

3 replicatem:bsorbance of the bacterial culture in blank (no SWCNTs) media, and Apis

the absorb ia with no bacteria.

L

Scanning ct Microscopy. Bacteria were prepared for electron microscopy as previously
described.!

at 630 nrrmnl culture aliquots were centrifuged at 11,000xg for 10 min. The pellet was

were grown in LB media to obtain a culture with an optical absorbance of 0.5-0.7

resuspende@yi@’ 1 gitl of a suspension containing 100 ug/mL CNTs. After incubation at 37 °C for 24 h,
the suspen centrifuged again, and the cells were washed twice with 0.1 M sodium phosphate
buffer solugi ), pH 7.2 (PBS). Bacterial cells were fixed with 2.5% glutaraldehyde in 0.1 M
PBS. Samp postfixed with 1% (w/v) OsO,4 in 0.1 M PBS for 2 h at room temperature, washed
once with Ebuffer, dehydrated in a graded series of ethanol solutions, then embedded in Spurr
low-viscosi ding medium. The samples were mounted on SEM stubs and coated by PELCO
SC-7 sputtm

were exami r a scanning electron microscope (SEM, ZEISS SUPRA 40VP).

sec at 30 mA to generate a thin Au/Pt conductive layer (2-20 nm). The samples

Statistical Analysis: Mean and standard deviations (SD) were calculated for each parameter. Results
were exprsed as mean = SD of multiple determinations. Comparisons within each group were

conducted

<0.05. O
e
e

-

<

-sided Student's t test. A statistically significant difference was assumed with p
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