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Uncertainty over the potential detrimental effects of engi-
neered nanomaterials on human health and the environment
has fueled public debate and the push for additional regu-
latory oversight.[1] For single-walled carbon nanotubes
(SWNTs) the published data citing in vitro toxicity are partic-
ularly inconsistent and widely disputed.[2–12] The underlying
reasons for the discrepancies can be attributed to two causes:
first, the wide variability in sample preparation and “purifica-
tion” methods, including incomplete characterization of the
SWNT materials following purification, such as minimal de-
scription about their post-purification solution behavior; and
second, the use of nonuniform characterization methods and
materials with different preparative protocols, viability assess-
ment methods, and cell/species populations. Unfortunately,
both points have rarely been addressed simultaneously in the
literature and consequently have led to the wide variety of
results. Even for well developed and optimized experimental
protocols, insufficient characterization of samples makes iden-
tification of the toxic parameter(s) exceedingly difficult.
Further complicating the elucidation of the physical proper-
ties causing in vitro and in vivo toxicity with SWNT materials
is the wide distribution of tube diameters, lengths, and chirali-
ties produced by current synthesis methods. Definitive discri-
mination of relative and synergistic effects with respect to
these differences will continue to be impossible without im-
plementation of precise measurements, complete character-
ization, and the use of well-defined materials.

One of the main sources of the variation in the published
toxicity and biocompatibility data is the wide variability in
SWNT dispersion, which results from many different prepara-
tive protocols and methods. While there is broad agreement
that biological studies should put more emphasis on detailed
characterization of test nanomaterials,[6] the role of the disper-

sion state as a definitive factor influencing the cellular expo-
sure and response to the SWNTs has often been ignored. Giv-
en a constant dosage, differences in dispersion ranging from
macroscopic aggregates to micrometer-scale clusters, bundles
of multiple nanotubes or individually dispersed nanotubes will
dramatically affect the absolute size and amount of surface
area of the nanotube material to which the cells are exposed.
Our previous work has demonstrated that different SWNT
preparation methods yield materials possessing varying de-
grees of dispersion, with one common result being networks
of tubes that do not readily exchange once clustered.[13,14]

Notable, however, is the use of small molecule surfactants to
induce SWNT solubility and dispersion in aqueous solutions.
Dispersion protocols involving surfactants are attractive, as
the incorporation of the nanotube inside a surfactant shell
does not appreciably alter the graphitic structure and desir-
able physicochemical properties of the SWNTs.[15] However,
many surfactant dispersions are only partially effective at dis-
persing SWNT material, and thus yield suspensions of aggre-
gates and not singly dispersed nanotubes.[13] Recently, DNA,
peptides, and carbohydrates have been used in this surfactant/
wrapping polymer role and have been demonstrated to sus-
pend SWNTs, with high individual dispersion of the nano-
tubes.[13,16,17] These dispersions, in the case of DNA, are even
stable enough to allow for separation of the dispersed mate-
rial into well-defined subpopulations of the SWNTs.

Recent reports have highlighted successes in separating
polydisperse SWNT populations into well-defined length and
chirality fractions using gel chromatography,[15,17,18] size exclu-
sion chromatography (SEC),[19–25] ion chromatography
(IC),[16,26,27] or various forms of electrophoresis.[28–31] This sort-
ing affords opportunities to explore which fractions and/or
properties in particular are contributing to the cellular toxici-
ty. Herein we describe our efforts in generating well-dis-
persed, separated-length fractions by SEC, the exhaustive
characterization of these fraction populations, and high-con-
centration in vitro toxicity data, which indicate a threshold on
the length and corresponding toxicity of SWNTs that are up-
taken into cells.

Dispersion of SWNTs in aqueous solutions typically in-
volves some detergent formulation and sonication protocol
for both separating and suspending SWNT aggregates in solu-
tion. For our aqueous preparations, DNA wrapping was used
as it imparts high-concentration solubility, successfully dis-
perses individual SWNTs, and does not significantly alter the
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electronic structure of the SWNT. Centrifugation after DNA
wrapping removes the vast majority of metal catalyst,
bundled-SWNT fibers, and amorphous carbon chunks, yield-
ing a well-dispersed distribution of SWNT lengths at concen-
trations of ca. 35–45 % of the original suspended mass.

In Figure 1A, the relative absorption spectra of the parent
pre-centrifuge and post-centrifuge SWNT dispersions are
shown. Of note is the difference in intensity and clarity of the
absorption peaks due to SWNT optical transitions in the con-
centrated post-centrifuge dispersion compared to the initial
pre-centrifuge SWNT suspension. Centrifugation appears to
preferentially remove material that does not display the opti-
cal characteristics of dispersed SWNT material. Thus, the
post-centrifuge dispersion is substantially purified, relative to
the raw soot, and is ca. 85 % by mass SWNT material based
on a rough estimate of ca. 55 % by mass initial purity.

A Wst-1 (see Experimental for definition) assay was used to
look for reductions in metabolic activity (cell viability) of the
cell populations upon exposure to the DNA-wrapped SWNTs.
It was previously demonstrated that SWNTs do not directly
interfere with the metabolic reduction of Wst-1.[12] Serial dilu-
tions of the concentrated post-centrifuge SWNT dispersion in

phosphate-buffered saline (PBS) were prepared and 10 lL
added to 100 lL of culture media on adherent IMR90 human
lung fibroblasts in a 96-well plate. Subsequently, the cells were
incubated with the tubes for 16 h, prior to the Wst-1 assay.
While this is significantly longer than the normal 2 h incuba-
tion period used in most small-molecule metabolic assays, this
time frame is consistent with those listed in the literature for
other SWNT bioassays.[8,12] Photometric quantification was
performed at 450 nm; the results are given in percent as rela-
tive values to the negative control, wherein the untreated
(negative) control was set to be 100 % viable (Fig. 1B). The
two highest solution concentration inoculations, 360 and
197 lg mL–1, are significantly higher than we have found re-
ported in the literature, and reduced cell viability by 75 % and
72 %, respectively. Concentrations below 20 lg mL–1 did not
significantly reduce cell viability. These cell viability measure-
ments are consistent with the values found in the literature
stating that metabolic inhibition occurs somewhere between
10 and 50 lg mL–1. The exact effective solution concentrations
of the literature inoculations are generally unknown, how-
ever, as measures of SWNT dispersion are rarely provided.
The transmission electron microscopy (TEM) images (Fig. 1C
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Figure 1. A) Comparison of absorption spectra for the pre-centrifuge, post-centrifuge, 19.7 lg mL–1, and 1.97 lg mL–1 samples of DNA-wrapped
SWNTs. The pre-centrifuge spectra (black line) shows the absorbance of a (1.1 ± 0.1) mg mL–1 as-mixed SWNT suspension. The centrifuged material re-
tains the spectral features related to SWNTs apparent in the sonicated material and is, thus, partially purified by the DNA-dispersion process. B) The
results of Wst-1 assay on IMR90 human lung fibroblast cells incubated for 16 h with DNA-wrapped SWNT at the defined concentrations. The two
highest SWNT concentrations, 360 and 197 lg mL–1, significantly inhibited the metabolic activity, while the lesser concentrations were insignificant
from the control phosphate-buffered saline (PBS). C, D) Transmission electron microscopy (TEM) images of SWNTs incubated with cells and fixed in
an epoxy matrix showing the longer tubes on the outside of the cell membrane (C) and the shorter tubes penetrating the membrane and residing in
the cytosol (D).



and D), however, depict long tubes being excluded from the
cell interior while the shorter SWNTs are able to access the
cytosol.

Extraction of the supernatants (50 lL each) from the
96-well plates revealed that measurable quantities of the orig-
inal tube populations remained in solution, indicating incom-
plete uptake of the SWNTs by the cells. While this was not
surprising for the highest 360 and 197 lg mL–1 inoculating
concentrations (35 % and 27 % remaining in the supernatant),
in which cell death may have occurred prior to all of the tube
being internalized, approximately 32 % of the SWNT re-
mained in solution for the 19.7 lg mL–1 concentration. The vi-
ability loss of this fraction was statistically insignificant com-
pared to the viability loss in the PBS controls, but after 16 h
one might expect that most of the SWNT should have been
consumed. Figure 2A shows a comparison of the absorbance
of the (19.7 ± 0.15) lg mL–1 inoculating SWNT solution to the
absorbance of the SWNTs remaining in the supernatant after
16 h incubation (scaled for experimental dilution). For the
197 lg mL–1 concentration, (27 ± 5) % of the SWNTs re-
mained in the supernatant after incubation. Similar results for
the percent of unconsumed nanotubes were found for the
19.7 lg mL–1 and 1.97 lg mL–1 inoculation concentrations.
The percent of remaining SWNT absorbance is shown in Fig-
ure 2B for those concentrations at which the supernatant con-
centration was within measurement limits. The two sets of
data correspond to measurements on the supernatant from
those wells to which Wst-1 was added for measurement of the
biological activity, and for a second set of wells to which the
Wst-1 was not added. The point measured as retaining all of
the SWNT absorbance for the inoculating concentration of
360 lg mL–1 for the “Cells + Tubes only” repeat is likely due

to either overwhelming of the cells resulting in quick cell
death and/or the release of the nanotubes upon cell death.
This result suggests a selective rejection of certain SWNTs in
the population by the cells, as the ratio of the consumed to in-
oculating concentration tubes is nearly invariant over several
decades difference in absolute consumed mass. As no appar-
ent difference in the relative uptake of different SWNT chiral-
ities is observed (see Fig. 2A, inset), the data is consistent
with a hypothesis of length-based selection/rejection of
SWNTs by the cells.

Using SEC, the parent SWNT solution (9) was separated
into multiple fractions. Twelve of the distinct fraction popula-
tions were collected and characterized. Using multiple runs,
sufficient quantities were collected, which allowed for charac-
terization as well as in vitro cell assessments at physiologically
relevant concentrations. The dilute fractions, as well as parent
solution, were concentrated and purified of free DNA using a
forced air dialysis method that is able to concentrate the
DNA-wrapped SWNTs solutions up to ca. 4 mg mL–1 without
any apparent change in the dispersion quality. The concentra-
tions and characterization data of the dispersed SWNT frac-
tions rather than pre-centrifuged parent concentrations are
listed in Table 1. These concentrations are relevant for meta-
bolic-based in vitro toxicity testing, and the concentrations of
the individual fractions are higher in most cases than previous
unfractionated inoculations described in the literature. The
radii of gyration (Rg) measurements, as collected from SEC,
were converted to lengths using a multiplication factor for a
rigid rod of
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.
Following characterization, Wst-1 experiments were per-

formed on each on the length fractions. Briefly, 10 lL of each
nanotube solution was added to IMR90 cells (50 lL,
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Figure 2. A) Comparison of the absorption spectra of the inoculating SWNT dispersion (red dots) to the (scaled for dilution) spectra of the removed
supernatant (orange line) after 16 h for the 19.7 lg mL–1 concentration. Approximately (32 ± 5) % of the SWNT absorbance remains in the solution.
The inset shows that the removed amount of SWNTs is approximately constant regardless of SWNT chirality. B) Fraction of absorbance remaining in
the SWNT–cell supernatant after 16 h relative to the inoculating concentration. The supernatant absorption was corrected for the intrinsic dilution of
the experiment. The supernatant retained approximately 32 % of the absorbance of the inoculating solution over two decades change in the initial con-
centration. The two sets of data points correspond to measurements on the supernatant on those wells from which Wst-1 was added for measurement
of the biological activity, and for a second set of wells to which the Wst-1 was not added.



5000 cells) in 96-well plates. Following 16 h incu-
bation, A450 measurements were collected for the
purpose of background subtraction. Following
background collection, 10 lL of Wst-1 solution
was added to each well, and after a 2 h incubation
period, A450 measurements were collected to as-
sess cell viability. The longer fractions 2 and 3,
(335 ± 27) nm and (253 ± 26) nm, respectively, did
not affect the viability of the cells. However, the
shorter SWNT fractions did affect the viability at
similar concentrations. Shown in Figure 3B is an
absorbance versus concentration plot for each of
the SWNT length fractions and their respective se-
rial dilutions. However, all the length fractions
shorter than 3 exhibited decreased metabolic activ-
ity at similar concentrations. Live–dead staining of
the individual fractions at these concentrations
showed that all cells below the dashed line were in
fact dead after the allotted incubation times. The
results suggest that the tube fractions retained in
the supernatant were longer than (189 ± 17) nm.
These results support the length-dependent uptake
hypothesis and suggest that shorter tubes may
therefore be more toxic to cells than longer
SWNTs. Several different cell lines, including A549
(human alveolar basal epithelial cells), MC3T3-E1
(clonal murine calvarial), and A10 (embryonic rat
thoracic aorta medial layer myoblasts) cells, were
measured and exhibited similar results. We are
confident that the results will be representative of
a great number of additional cell lines. However,
this list does not represent the full spectrum of cell
types, and we expect that there will be exceptions
that will not exhibit this length-dependent uptake
behavior. Additional lines are being tested as suffi-
cient materials are being produced. IMR90 cells
were used specifically because they are the primary
“normal lung fibroblasts” used in many different
studies, characterized and adopted following the
depletion of the WI-38 cell line.[32] They have been
thoroughly evaluated over the course of nearly
three decades and have shown dose-dependent

toxicity behavior against small molecules and nanomaterials
in the recent literature.

To confirm the preferential uptake data, we chose to incu-
bate IMR90 cells with two length fractions, one above (2) and
one below (6) the identified threshold, for identical time peri-
ods at concentrations below the measured toxicity limits. The
SWNT sample 2 was labeled with Cy3-derivatized DNA and
fraction 6 was labeled with Cy5-derivatized DNA. Following
purification via dialysis and concentration, three separate cell
experiments were preformed. Aliquots (30 lL) of the Cy3,
Cy5 and an equal-volume mixture of Cy3 and Cy5 DNA-
wrapped SWNTs were incubated for 16 h, fixed, and the cell
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Table 1. Summary of characterization data for individual length fractions
(Rg: radius of gyration; AFM: atomic force microscopy).

Sample

fraction

Rg (SEC)

[nm]

Length (SEC)

[nm]

Length (AFM)

[nm]

Concentration

[mg mL–1]

1 113.5 ± 5.1 393 ± 18 – 0.031

2 96.8 ± 7.9 335 ± 27 367 ± 61 0.167

3 72.9 ± 7.4 253 ± 26 303 ± 11 0.180

4 54.6 ± 5.0 189 ± 17 210 ± 48 0.126

5 42.4 ± 3.4 150 ± 12 149 ± 43 0.266

6 34.7 ± 2.6 120 ± 9 138 ± 60 0.119

7 29.2 ± 2.0 101 ± 7 76 ± 27 0.191

8 25.8 ± 1.4 89 ± 5 – 0.134

9 distribution

A

B

Figure 3. A) TEM (upper row) and atomic force microscopy (AFM) images (lower
row) (2 lm × 2 lm) of the parent centrifugation SWNT solution (9) and the individual
length fractions of samples 2, 4, and 6. The representative images collected using
both TEM and AFM correlate well with the calculated values converted via the radius
of gyration measurements using online light-scattering detectors. B) The plot of
absorbance versus concentration from the Wst-1 assay on the parent SWNT and each
of the fractions as a function of their respective serial dilutions. All fractions below the
dashed lines were dead as viewed by fluorescence microscopy using a live–dead
assay. The absorbance values have been normalized to the cell populations treated
with PBS as a control. The error bars represent one standard deviation from the mean
of quadruplicate experiments and are the estimates of the standard uncertainty.



membrane and nuclei were stained for visualization via fluo-
rescence microscopy. As seen in the representative images
compiled in Figure 4, sample 2 (I) is excluded from the interi-
or of the cell while sample 6 (III) is clearly present in the
cytoplasm. A mixture of samples 2 and 6 (II) confirmed that
only sample 6 was present in the cytoplasm.

In summary, the viability of IMR90 human fibroblast cells
was measured via a Wst-1 assay for inoculation with high
concentrations of individually dispersed DNA-wrapped sin-
gle-walled carbon nanotubes. Concentrations of the broad-
length-distribution dispersed SWNTs were found to induce
dramatic reduction of viability in the IMR90 cells above the
20–25 lg mL–1 concentration regime. Furthermore, a large
and nearly constant percentage of each inoculating concentra-
tion was found to remain in solution regardless of the absolute
inoculated mass. Spectroscopic measurement of the remaining
material and further viability assays conducted with highly
concentrated length populations indicate a length-selective
uptake of nanotubes by the cell populations. The assays deter-
mined an approximate uptake threshold of approximately
(189 ± 17) nm, indicating that nanotubes shorter than this

length are consumed and likely induce more toxicity. A size
threshold for preferential uptake is not a new concept in
nanometer-scale materials, as size and surface-chemistry
effects have been shown to influence cell uptake, retention,
and biodistribution in other nanoparticle systems[33–35] and
have been suggested for multi-walled carbon nanotubes.[36]

The conclusions outlined in this Communication are obtained
from DNA-wrapped materials exclusively. The coating or
“wrapping material” used to suspend or disperse the SWNTs
in aqueous media greatly influences the results. We have pre-
viously evaluated several types of dispersing agents including
butyl grafting, surfactants, and polymer wrapping. However,
after measuring the SWNT dispersion afforded by many of
the respective methods found in the literature, we concluded
that the results can not be compared. DNA wrapping offers
superior dispersion compared to other suspension or disper-
sion methods, prohibiting an “equivalent” side-by-side com-
parison of mechanistic biobehavior or toxicity with different
wrapping methods. We believe that length-dependent uptake
may be a general phenomenon; however, it is important to
note that, like other in vitro experiments, the exact threshold
is expected to vary with cell type.

Experimental

Note: Certain equipment and instruments or materials are identi-
fied in the paper to adequately specify the experimental details. Such
identification does not imply recommendation by the National Insti-
tute of Standards and Technology, nor does it imply the materials are
necessarily the best available for the purpose.

SWNT Preparation: Aqueous dispersions of SWNTs were gener-
ated using the method of Zheng et al. described previously [16].
Briefly, single-walled “CoMoCat” SWNTs from Southwest Nano-
technologies (Batch NI6-A001) were sonicated (0.32 cm tip sonicator,
Thomas Scientific) in a salt solution (0.2 mol L–1 NaCl, 0.1 mol L–1

tris(hydroxymethyl)aminomethane (Tris) , 5 mmol L–1 NaN3 buffered
to pH 7 with HCl) in the presence of 30-mer 5′-GT(GT)13GT-3′ sin-
gle-stranded DNA (Integrated DNA Technologies). SWNT powder
and DNA were both loaded at (1.0 ± 0.25) mg mL–1. In all cases the
sonication was performed in a 15 mL centrifuge tube immersed in an
ice bath and tightly covered to reduce evaporation. The sonication
period was 2 h at 9 W of applied power. Four batches were prepared
in this manner and then mixed to produce a single batch of concentra-
tion (1.1 ± 0.1) mg mL–1. Post-sonication, the mixed suspension was
further processed by centrifugation at 21 000 gn in 1.5 mL centrifuge
tubes for 2 h; the resulting supernatant is a stable, rich black liquid
containing well-dispersed SWNT material. For the length-fractionated
cell experiments, stock solutions of fluorescently labeled DNA (Inte-
grated DNA Technologies) were generated by dissolution of the solid
DNA with 18 MX cm–1 water to a final concentration of 1 mg mL–1

DNA. DNA-wrapped SWNT length fractions 2 and 6 were mixed
(10 lL) with 90 lL of the Cy3- and Cy5-labeled DNA solutions,
respectively. The mixed solutions were incubated at room tempera-
ture, in the dark, for 240 h. The solutions were subsequently concen-
trated using a forced air dialysis cell (Amicon) with a membrane
molecular weight cutoff (MWCO) size of 30 000 Da to yield a higher
concentration for inoculation into the well plate. Conveniently, the
unattached DNA remaining in the solution was removed during the
forced dialysis process.

Concentration Determination: Ultraviolet–visible–near-infrared
(UV-vis-NIR) absorption spectroscopy was used to determine the
concentration of SWNTs in solution at various stages in the experi-
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Figure 4. DNA end-functionalized with Cy3 and Cy5 were wrapped
around SWNT fraction 2 (I) and 6 (III). IMR90 cells were incubated with
each of the respective labeled length fractions and a 50:50 mix (II) of the
two materials for 16 h at a concentration below the toxicity threshold. An
Alexa-488 C2-maliimide labels the cytoskeleton (A), (B) indicates the ab-
sence or presence of the DNA-wrapped SWNTs and (C) is a DAPI nuclear
stain. These representative images clearly indicate that the longer sam-
ple 2 is excluded while the shorter sample 6 is able to access the cell
interior.



ment. Spectroscopy was performed in transmission mode on a Per-
kin–Elmer Lambda 950 UV-vis-NIR spectrophotometer over the
wavelength range of 1750–190 nm. In all cases, the incident light was
depolarized prior to the sample compartment, and the instrument was
corrected for both the dark current and background spectra; data
were recorded at 1 nm increments, with an instrument integration
time of 0.2 s per increment. In all cases the reference beam was left
unobstructed, and the subtraction of the appropriate reference sample
was performed during data reduction. Calibration of the SWNT con-
centration in solution was calculated by relation to the absorbance of
the original 1.1 mg mL–1 SWNT suspension at 903 nm. For concen-
trated samples, absorption spectra were also recorded on volumetric
dilutions within the linear Beer–Lambert regime for relating the con-
centration to absorbance; undiluted concentration was determined by
extrapolation from the diluted sample. The final concentration of the
stock dispersion by this measure was (2.17 ± 0.15) mg mL–1 [37].

Size Exclusion Chromatography (SEC): Length separation was
achieved by SEC using a Waters Delta 600 pump, Waters 2996 UV-
vis photodiode array, and a Wyatt Dawn EOS multi-angle light-scat-
tering detector with a SepaxCNT (SEC-2000 + SEC-1000 + SEC-300)
column set [25]. A centrifuged, but unconcentrated, SWNT disper-
sion, prepared as above, was filtered through a 0.45 lm filter and in-
jected in 0.5 mL increments; the flow rate of the aqueous mobile
phase (0.2 mol L–1 NaCl, 0.04 mol L–1 Tris, 200 ppm NaN3 buffered to
pH 7 with HCl) was 0.5 mL min–1. Samples were collected at 2 min in-
tervals and eight duplicate runs were performed. Radius of gyration
was calculated using Wyatt Astra software.

Transmission Electron Microscopy (TEM): TEM of carbon nano-
tubes was performed on a Philips EM 400T microscope operating at
120 kV equipped with a Soft Imaging System charge-coupled device
(CCD) camera (Cantega 2 K). TEM samples were prepared by drop-
ping dialyzed and diluted solutions of SWNTs and length fractions in
water onto 600-mesh, mica-loaded, carbon-coated copper grids, which
were then liquid-nitrogen quenched and immediately lyophilized.

Atomic Force Micrscopy (AFM): Tapping-mode AFM measure-
ments were conducted in air using a Nanoscope IV system (Digital
Instruments) operated under ambient conditions with standard silicon
tips (NanoDevices Metrology Probes; length , L, 125 lm; normal
spring constant, 40 N m–1; resonance frequency, 280–330 kHz).
Briefly, the solutions were diluted 100× in water (18 MX cm–1) prior
to being deposited (2 lL) onto plasma-cleansed Si wafers or freshly
cleaved mica. After being allowed to dry, any residual salt was washed
away by a water deposition/wicking procedure ≈ 2–3 times to afford
clear imaging conditions.

Cell Culture: A diploid primary human fibroblast adherent cell line,
derived from fetal lung tissue IMR90 (ATCC, CCL-186), was ob-
tained from American Type Culture Collection (ATCC, Rockville,
MD). Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 4.5 mg mL–1 glucose, 10 % (by volume) heat-in-
activated fetal calf serum (FCS), 2 mmol L–1

L-glutamine, 50 lg mL–1

penicillin, and 100 Units mL–1 streptomycin. The cells were grown in a
humidified incubator at 37 °C (95 % room air, 5 % CO2). Prior to the
viability experiments on the parent SWNTs, the cells were seeded into
96-well plates at 50 000 cells mL–1 (5000 cells/100 lL/well) and the
respective SWNT fractions were seeded (2000 cells/40 lL/well) and
incubated overnight. IMR90 cells were used specifically because they
are the primary “normal lung fibroblasts” used in many different stud-
ies, following the depletion of the VA13 cell line, and have been
thoroughly evaluated over the course of nearly 30 years, showing
dose-dependent toxicity behavior against small molecules and other
nanomaterials in the recent literature [38–40]. The length-fraction ex-
periments involved 30 lL of each solution incubated in a six-well
plate for the incubation conditions listed above. Slide preparation em-
ployed standard fixation and washing conditions, and three fluores-
cence images were captured: 1) a green-channel image for Alexa-488
C2-maleimide-stained cell bodies; 2) a blue-channel image of DAPI-
stained cell nuclei; 3) two separate red channels for the labeled DNA-
wrapped SWNTs.

Wst-1 Assay: The tetrazolium salt 2-(4-iodophenyl)-3-(4-nitrophen-
yl)-5-(2,4-disulfophenyl)-2H-tetrazolium (Dojindo), better known as
Wst-1, was used to detect a loss in viability upon cell-population expo-
sure to SWNTs. Serial dilutions in phosphate-buffered saline (PBS)
were made for each of the SWNT parent populations and SEC-sorted
length fractions, and 10 lL of the respective SWNT concentration in
PBS was added to the cell suspensions. Photometric quantification
was performed at 450 nm (A450) in an M5 Molecular Devices micro-
plate reader. The experimental data were performed in triplicate or
quadruplicate. The results are given as relative values [%] to the nega-
tive control, where the untreated (negative) control was set to be
100 % viable.

Quantifying SWNT Retention: After incubation, 50 lL of superna-
tant was carefully removed from each well of the cell plate and re-
tained. To measure the amount of nanotubes retained in the superna-
tant, 50 lL of deionized water was added to each well of the retained
supernatant, and the liquid from each of these duplicate wells for the
respective concentrations were combined. This was required to obtain
an amount of liquid suitable for the UV-vis-NIR spectroscopy.
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