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Single-walled carbon nanotubes (SWCNTs) exhibit intrinsic fluorescence and strong optical absorption in the near-infrared (NIR) biological window
(0.7—1.4 um), rendering them ideal for in vivo imaging and photothermal therapy. Advances in SWCNT sorting have led to improved nanoelectronics and
are promising for nanomedicine. To date, SWCNTs used in vivo consist of heterogeneous mixtures of nanotubes and only a small subset of chirality
nanotubes fluoresces or heats under a NIR laser. Here, we demonstrate that separated (6,5) SWCNTs exchanged into a biocompatible surfactant, C;3-PMH-
mPEG, are more than 6-fold brighter in photoluminescence on the per mass basis, afford clear tumor imaging, and reach requisite photothermal tumor
ablation temperatures with a >10-fold lower injected dose than as-synthesized SWCNT mixtures while exhibiting relatively low (6,5) accumulation in the
reticuloendothelial system. The intravenous injection of ~4 g of (6,5) SWCNTs per mouse (0.254 mg/kg) for dual imaging/photothermal therapy is, by far,

the lowest reported dose for nanoparticle-based in vivo therapeutics.
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he unique properties of single-walled
Tcarbon nanotubes (SWCNTs) make

them promising theranostic agents
capable of tumor imaging while simulta-
neously providing treatment.'~” The intrin-
sic photoluminescence of SWCNTSs renders
them as nonphotobleaching fluorophores
capable of high-resolution in vivo imaging
and deep tissue penetration with excitation
in the near-infrared-l (NIR-I, 700—900 nm)
and emission in the near-infrared-Il (NIR-II,
950— 1400 nm) regions which fall within the
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biological transparency window (0.7—1.4
um)E1° SWCNTs are capable of tumor
accumulation through the enhanced per-
meability and retention (EPR) effect, a
physical state describing tortuous tumor
vasculature which increases tumor uptake
of intravenously injected nanomaterials
compared to healthy tissue.”'' =" Addition-
ally, high light absorption of SWCNTs in the
NIR affords tumor photothermal therapy
at much lower laser powers than those
needed for plasmonic nanomaterials.®'*
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However, all biological studies to date incorporate
as-synthesized SWCNTs containing many chiralities,
the vast majority of which are off-resonance, lacking
a unique absorption and emission peak, and thus
extraneous when using a single excitation wavelength.
Isolated SWCNT chiralities without off-resonance
nanotubes would greatly reduce therapeutic doses,
achieving imaging and treatment results at much
lower doses than as-synthesized SWCNTs while alle-
viating toxicity concerns.'>'®

Advancements in carbon nanotube sorting have
translated into an increase in the performance of
electronic devices ranging from photovoltaics to
printed circuitry, and are beginning to be utilized
for biomedical SWCNT applications.'””~2° Recently,
gel filtration separated SWCNTSs highly enriched in the
(12,1) and (11,3) chiralities have been used for vessel
imaging at a low injected dose for highly effective
resonance excitation of these chiralities at 808 nm.?'
Therapeutic applications of chirality separated SWNTs
have not been demonstrated thus far. Progress on
carbon nanotube synthesis has yielded some control
over generating SWCNTs with desirable properties, yet
applications requiring monodispersed populations rely
on post-synthetic separation strategies.”>>? Innova-
tive approaches to carbon nanotube chirality sorting
include DNA sequence motifs that recognize a specific
chirality, gel filtration methods,*”** and density gradi-
ent ultracentrifugation (DGU).?° Recently introduced
nonlinear density gradients are capable of isolating
>10 different (n,m) species, while iterative DGU puri-
fication steps attained single chirality purities in excess
of 98%.'®3* However, DGU, as well as most other
separation methods, almost exclusively produce
SWCNTs coated in nonbiocompatible surfactants,
preventing chirality sorted SWCNTs for biological ap-
plications thus far.2”-283536

Herein, combining a nonlinear DGU architecture
with a second iterative DGU step, we extracted the
(6,5) chirality from HiPCO-grown SWCNTSs at a purity
of ~80%. We exchanged (6,5) SWCNTs into a 90 kDa
C15-PMH-mPEG surfactant®>** to obtain highly bio-
compatible (6,5) tubes with ultra-long blood circula-
tion time and high tumor uptake after intravenous
tail-vein injection, while preserving the (6,5) SWCNT's
near-infrared photoluminescence (NIR PL) properties.3’*
Using an ultra-low dose of intravenously injected (6,5)
SWCNTs (~4 ug per mouse) and a 980 nm laser to
precisely match the E;, resonance peak of (6,5) SWCNTs
at ~991 nm, we were able to photothermally heat
tumors in mice to over 50 °C while performing whole-
animal NIR-PL imaging to visualize tumor accumulation
beginning 48 h prior to treatment. Photoluminescence
of the exchanged (6,5) SWCNTs was more than 6-fold
brighter than exchanged HIiPCO SWCNTs at the
same mass concentration. In vivo tumor imaging
and photothermal ablation were accomplished at an
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unprecedented low dose of 0.254 mg SWCNT/kg body
weight (~4 ug per mouse), the lowest reported dose
for combined imaging and tumor treatment with any
class of nanomaterials.

RESULTS

(6,5) Separation and Surfactant Exchange. As-synthesized
HiPCO SWCNTs are a mixture of many chiralities with
diameters in a range of 0.7—1.1 nm.'® Preparation of
these SWCNTs for DGU included a 1 h horn sonication
in 2% sodium cholate (SC), a 30 min bath sonication,
and a 2 h crash-out step at 22000g on a table-top
centrifuge to remove any poorly dispersed aggregates.
The decanted SWCNTs were balanced to 1.13 g/mL
using iodixanol and inserted into a nonlinear density
gradient formed by carefully pipetting 6 layers of
varying volumes at densities ranging from 1.16 to
1.09 g/mL into a centrifuge tube and tilting it ~10°
from horizontal for 1 h to allow for interlayer diffusion
to smooth out the density steps between layers.
The surfactant loading in the gradient was 0.7% SC
and 0.175% sodium dodecyl sulfate (SDS), previously
demonstrated as the ideal surfactant ratio for isolating
(6,5) in this gradient structure.>* Ultracentrifugation led
to the separation of small, semiconducting SWCNTSs
with the (6,5) chirality migrating to a low buoyant
density as seen in Figure 1a. High (6,5) purities (88%)
are attainable with a single ultracentrifugation step
in a nonlinear density gradient, yet unfortunately the
increase in SWCNT concentration required to produce
enough (6,5) for in vivo use caused a drop in purity as
evidenced by the first order metallic SWCNT excita-
tions visible from 450 to 550 nm and the (9,1) peak at
921 nm (see Figure 1b).

A further iterative DGU step was performed by
inserting the material from the first separation at the
bottom of a second, linear density gradient with a SC:
SDS ratio of 4:1 and an overall surfactant loading of 1%
(see Supporting Information Table S1 for all separation
details). This second iteration, known to concentrate
semiconducting SWCNTs at low buoyant densities,
ultimately boosted the (6,5) purity to ~80% as seen
by the suppressed metallic peak at 466 nm and the
decreased (9,1) contamination while leaving a yellow
band slightly enriched in metallic SWCNTs at a higher
buoyant density (Figure 1d).'® The photoluminescence
(PLE) spectra (Figure 1e) of the twice-separated (6,5)
fractions confirmed the absence of significant contam-
ination from other chiralities.

The bile salt sodium cholate can solubilize SWCNTs
in water; however, cholate dispersed SWCNTs aggre-
gate when excess sodium cholate is removed from the
solution.*® This process occurs rapidly in vivo, making
cholate-SWCNTs unusable for in vivo purposes. Simi-
larly, SWCNTs coated in SDS are toxic because of
the intrinsic toxicity of SDS in addition to lacking
stability after excess SDS removal.3®> We employed a
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Figure 1. Isolation of (6,5) SWCNTs employing density gradient ultracentrifugation (DGU). (a and c) Photographs of centrifuge
tubes following DGU after the first iteration in a nonlinear density gradient (a) and after the second iteration in a linear
gradient (c). (b and d) Normalized absorbance spectra comparing (b) first iteration (6,5) to bulk HiPCO and the (d) pink (6,5)
band to the yellow band at a higher buoyant density slightly enriched in metallic SWCNTSs. (e) Photoluminescence spectra of
(6,5) compared to as-synthesized HiPCO. (f) The absorbance spectra (1 mm path length) of the mass balanced (6,5) and HiPCO

preceding intravenous injection.

surfactant-exchange method to replace SC and SDS
coatings, as well as any residual iodixanol, with C;g-
PMH-mPEG, a biocompatible, PEGylated surfactant
with excellent pharmacokinetics when coating
SWCNTs.*® With the use of a 12—14 kDa MWCO dialysis
membrane, SC and SDS were selectively removed from
the surface of the separated SWCNTs during 8 water
bath exchanges while the much larger 90 kDa Cig-
PMH-mPEG remained trapped in the membrane. An
initial 5 min bath sonication after adding C;g-PMH-
mPEG to the (6,5) SWCNTs combined with a very short
(~2 min) bath sonication between each water change
facilitated the adsorption of C;g-PMH-mPEG onto the
carbon nanotube surface. During centrifugation and
washing, a reasonable (~50%) physical yield of still
soluble, individualized (6,5) SWCNTs was obtained with
an acceptable (~60%) loss of NIR PL quantum yield
(see Supporting Information Figure 54).* After dialysis,
excess Cyg-PMH-mPEG was removed during multiple
wash steps through a centrifuge tube filter. The average
length of the exchanged (6,5) SWCNTs was ~228 nm
(see Supporting Information Figure S5), much longer
than carbon nanotubes directly sonicated in C;g-PMH-
mPEG (140 nm).?

NIR Laser Heating of (6,5) SWCNTs in Solutions. Extraction
of high purity (6,5) SWCNTSs increased absorption on a
per mass basis compared to a random mixture of
carbon nanotubes as the 980 nm laser used for heating
is in near-resonance with the (6,5) E;; peak. After
exchanging the (6,5) and bulk HiPCO SWCNTs into
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C,g-PMH-mPEG, both nanotube suspensions were
mass balanced by matching the optical absorbance
at the w—axr* interband transition peak of ~4.5 eV and
reading out the SWCNT content through HiPCO's
published absorption coefficient of ~46.5 L/g*cm at
808 nm.% As the w—z* interband transition directly
correlates with the amount of graphitic material pres-
ent, this method has previously demonstrated its
ability to mass balance near-single chirality SWCNT
populations.*® Additionally, unlike the 7z-plasmon peak
at higher energies, the m—s* interband transition is not
affected by the choice of surfactant coating or by the
dielectric strength of the solution.”’ The 7—s* inter-
band transition normalization method gave a (6,5)
mass extinction coefficient of 316 L/g*cm at the Ey;
peak (991 nm), which was within the error range of
published values of 366.6 + 80.7 L/g*cm determined
by fluorescence labeling and AFM imaging (see Sup-
porting Information Figure 56).*?

At a concentration of 3.2 ug/mL determined by the
method above, 50 uL each of (6,5), HiPCO, and PBS was
irradiated with a 980 nm laser for 3 min at 0.6 W/cm?.
After the first minute of irradiation, the (6,5) maintained
a ~10 °C higher temperature than HiPCO through-
out the course of irradiation and ultimately reached
53.4 °C. After 3 min, the HiPCO SWCNTs only heated
to 43.5 °C (see Figure 2), confirming that the much
stronger (6,5) absorbance peak at 980 nm translated
into large differences in the photosensitizers' heating
performance.
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In Vivo (6,5) SWCNT Tumor Imaging. The relative photo-
luminescence of HiPCO, first iteration (6,5), and second
iteration (6,5), all mass balanced and exchanged
into C;g-PMH-mPEG, was determined by excitation at
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Figure 2. The (6,5) solution heating with irradiation in the
NIR-IL. (a) 50 uL of (6,5) and HiPCO SWCNTs at a concentra-
tion of 3.2 ug/mL and dispersed in 90 kDa C;3-PMH-mPEG,
along with a PBS control, were heated for 3 min at 980 nm
at a laser power density of 0.6 W/cm? and the average vial
temperature was recorded every 30 s. (b) A thermal image
of the (6,5), HiPCO, and PBS vial after 3 min of irradiation.

t=24 hrs

808 nm at a power density of 0.14 W/cm? and collect-
ing the resulting emission from 900 to 1400 nm on an
InGaAs camera with an exposure of 100 ms. Compared
to as-synthesized HiPCO, the brightness of the first
iteration (6,5) increased by 4.5 x, while the second itera-
tion (6,5) was ultimately 6.3x brighter (Figure 3a).
An ultra-low dose of ~4 ug of second iteration (6,5)
and unseparated HiPCO SWCNTs was intravenously
injected into two groups (n = 4) of xenograft murine
4T1 breast tumor-bearing balb/c mice at equivalent
carbon nanotube dosages (0.254 mg/kg), correspond-
ing to a 14-fold lower dose than previously used for
SWCNT tumor imaging and photothermal therapy.?
Over the course of 48 h, the mice were imaged, giving
clear, crisp definition of the murine breast cancer model
4T1 tumors, suggesting high levels of accumulation of
the 90 kDa C;g-PMH-mPEG coated (6,5) SWCNTs within
the tumor. A representative mouse with a subcuta-
neous tumor located laterally on the right shoulder
showed a high signal at the site of the tumor with
little detectable signal in the surrounding healthy
tissue at each imaging time point (Figure 3e—g). Un-
separated HiPCO injected mice did not give clear
images (Figure 3c), while those injected with PBS had
no discernible signal (Figure 3b), indicating the near
absence of autofluorescence in the NIR-Il region.*

In Vivo (6,5) SWCNT Mediated Photothermal Tumor Ablation.
After 48 h of time course imaging, we investigated
the theranostic capabilities of the separated (6,5)
SWCNTs. Mice (n = 4) injected with the ultra-low dose
(0.254 mg/kg) of SWCNTs underwent photothermal
treatment by irradiation with a 980 nm laser at a power
density of 0.6 W/cm? when the tumors were approxi-
mately ~46 mm? on average. Thermal images were
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0

Figure 3. NIR (6,5) photoluminescence and time course fluorescence imaging in the NIR-II. (a) An optical and NIR PL image of
50 uL of C;3-PMH-mPEG disperesed as-synthesized HiPCO, first iteration (6,5), and second iteration (6,5), from left to right, at a
concentration of 22.2 ug/mL. (b and c) NIR-Il fluorescent images of a 4T1 tumor bearing mouse injected with (b) PBS and (c)
HiPCO. (d) Optical image of a mouse bearing a 4T1 tumor on the right shoulder. (e—g) NIR-Il fluorescent time course imaging
12, 24, and 48 h postinjection, from left to right, showing clear SWCNT accumulation in the 4T1 tumor. All mice were injected
with 0.254 mg/kg of SWCNTs and emission collected from 0.9 to 1.4 um after excitation at 808 nm at a laser power density of
0.14 W/cm?, The scale bar on the right corresponds to all NIR images of 4T1 tumor bearing balb/c mice.
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Figure 4. Photothermal ablation trial study in the NIR-Il employing highly enriched (6,5) SWCNTs. (a—c) Representative
thermal images from 4T1 tumor bearing balb/c mice (n = 4) 48 h after injection with 0.254 mg/kg of C,g-PMH-mPEG dispersed
(a) (6,5) SWCNTSs, (b) HiPCO SWCNTSs, and (c) PBS control after 5 min of 980 nm laser irradiation at a power density of 0.6 W/em?.
(d) The change in the average temperature of the 4T1 tumor mass as measured over the 5 min course of NIR- laser treatment.

The average starting body temperature was 33.0 °C.

taken before heating and at each minute during the
5 min of irradiation to measure the average tumor
temperature over the course of treatment. A represen-
tative thermal image from each group, including
the PBS control, is shown (Figure 4a—c) immediately
before shutting off the laser. Mice in the (6,5) group
experienced an average temperature increase of
19 °C during the course of treatment, reaching an
average temperature of 51 °C after 5 min of irradiation
(Figure 4d). On the basis of the Arrhenius damage
integral and experimental studies, tumors in the (6,5)
group reached requisite temperatures for successful
tumor photoablation. Conversely, mice injected with
HiPCO showed a 12 °C temperature increase during
treatment and only heated approximately 2 °C more
than the PBS control at each time point during the
5 min of irradiation. Mice injected with both HiPCO and
PBS showed a rise in temperature yet failed to reach
the photoablation limit of 50 °C (Figure 4d). All tumors
treated with HiPCO SWCNTs continued to grow un-
abated. In the (6,5) group, 3 of the mice were success-
fully treated and showed no signs of regrowth during
a post-treatment monitoring period of 1.5 months. This
trial study clearly demonstrate the potential benefits
of (6,5) SWCNTs over unsorted SWCNTs as promising
photothermal and imaging agents.

(6,5) SWCNT Biodistribution and Blood Circulation Behavior.
The biodistribution and circulation half-life of (6,5) was
determined with a second group (n = 3) of balb/c mice
bearing 4T1 tumors located laterally on both sides.
Blood was collected periodically post intravenous
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Figure 5. Biodistribution and circulation half-life of (6,5)
SWCNTs exchanged into 90 kDa C;3-PMH-mPEG. (a) The
biodistribution of 4T1 tumor bearing balb/cmice (n=3)72h
after injection with (6,5) SWCNTs (see Methods). (b) The
concentration of (6,5) SWCNTs in blood (n = 5) over 48 h and
fit with a first-order exponential decay model (red curve).

injection and, using the intrinsic Raman "G' band of
(6,5) SWCNTs, the % injected dose/gram blood (%ID/g)
was determined (Figure 5b). Fitting a first-order expo-
nential decay yielded an impressive blood circulation
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half-life of 23.95 + 1.49 h, suggesting the ability of (6,5)
SWCNTs to avoid uptake by the reticuloendothelial
(RES) system. Three days post-injection, 3 mice were
sacrificed for ex vivo organ analysis by Raman spec-
troscopy following previously published methods. The
levels of (6,5) SWCNTs in the heart, lungs, pancreas,
small intestine, and stomach were below the biodis-
tribution detection limit.**

The average (6,5) SWCNT accumulation within the
liver and the spleen of the RES system was low, ~17
and 12%ID/g respectively, nearly on the same level
as the tumor uptake of the (6,5) tubes at ~13%ID/g
(Figure 5a).>'® Three mice from the exchanged (6,5)
SWCNT photothermal treatment group were sacrificed
after confirming successful tumor ablation and submitted
for histological staining 100 days after intravenous injec-
tion. Clinical blood chemistry and hematology panels
showed completely normal analyte levels and no residual
SWCNT bundles were found in any organ after a histo-
logical analysis (Supporting Information Figures S7 and
S8). We observed no obvious toxicity in our trial studies
(Supporting Information Figure S8). However, future work
will be needed to fully address the long-term accumula-
tion and toxicity of the single-chirality SWCNTs.

DISCUSSION

While very small quantities of SWCNTs are capable
of producing a large number of electronic devices,
the quantities needed for biomedical uses, particularly
as a theranostic agent, are much higher. Separation
methods, although still in infancy, are showing signs of
promise for isolating sufficient amounts of near-single
chirality SWCNT populations for in vivo use. We demon-
strated that iterative DGU separations allowed for
the collection of a sufficient quantity of (6,5) SWCNTs
to treat tumors in mouse models using an unprece-
dented low dose. This is the first in vivo application
of near single-chirality SWCNTs for effective tumor
photoablation.

The selection of 808 nm for (6,5) excitation and
imaging is not intuitive as (6,5) SWCNTs do not possess
an absorption peak at this wavelength. The E;, transi-
tion of (6,5), where SWCNTs are typically excited, is
located at 570 nm. However, recent studies have
shown that (6,5) SWCNTs can be excited through a
Raman-coupled mode at 808 nm with emission at
980 nm.** The 808 nm excitation is in near-resonance
with an emission shoulder associated with (6,5)
SWCNTs derived from a phonon-coupled transition.
This process occurs when the SWCNT simultaneously
absorbs a photon and creates a phonon, ultimately
producing an emission identical to that of the (6,5)
excitonic emission.** The high brightness of the (6,5)
chirality is remarkable especially as the surfactant
exchange process decreases fluorescence by up to
60% (see Supporting Information Figure S4). Excitation
in the NIR-I region at 808 nm confers additional
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advantages such as better depth penetration and
improved signal-to-noise ratios when imaging in the
NIR-II with mouse models, especially compared to an
excitation at (6,5)'s E;> at 570 nm which is limited in
depth penetration due to high biological tissue and
hemoglobin absorption.®*> Previous studies using
bulk SWCNTSs as in vivo fluorophores for organ identi-
fication, vessel imaging, and tumor imaging have all
used an excitation wavelength of 808 nm in the NIR-I
window for this reason.*'3

For the past decade, gold nanoparticles have been
the standard for photothermal therapy. Gold-based
photosensitizers require much higher injected doses
to achieve tumor elimination with a reasonable laser
power density. An intravenously injected (i.v.) dose
of 50 mg/kg of gold nanocages [compared to the
0.254 mg/kg dose for (6,5) SWNTs] is necessary for
in vivo tumor heating.*® Gold nanorods required a
dose of 20 mg/kg to completely eliminate tumors
using 2 W/cm? NIR-l laser.'* The absorption data of
separated SWCNTs versus gold nanoparticles can ex-
plain the decreased dose. On a per mass basis, single-
chirality SWCNTs in strong resonance with a laser will
absorb 10—20x more light than optimized gold nano-
rods or nanoparticles.? Also, the atomic mass of carbon
is only ~'/; that of gold.

Biocompatible carbon-based nanomaterials, due to
high NIR light absorption, have increasingly been used
as photosensitizing agents for in vivo photothermal
therapy. Graphene oxide, a slightly oxidized single-
layered graphene sheet, was able to achieve efficient
tumor elimination with injected doses of 20 mg/kg.*’
SWCNTSs possess superior NIR absorption compared to
graphene owing to their Van Hove singularities; intra-
venously injected unseparated SWCNTs were able
to ablate tumors through photothermal therapy at
doses as low as 3.6 mg/kg, the lowest dose reported
until now of intravenously injected photosensitizers
used for in vivo photothermal therapy.z'48 Using (6,5)
SWCNTs, we were able to achieve an even lower
dose of 0.254 mg/kg for photothermal therapy than
studies that directly injected SWCNTs and MWNTs
into the tumor.***® Nevertheless, even though the
(6,5) SWCNTs are resonantly photothermally heated
at 980 nm, we do note a pitfall of nonspecific heating
caused by slight water absorption near 980 nm. This
could be avoided by using a lower laser power density
while extending the length of irradiation past 5 min.

Cy8-PMH-mPEG was chosen as the exchanged bio-
compatible surfactant because of the favorable phar-
macokinetics imparted on SWCNTs along with reduced
immune response. Directly sonicated SWCNTs in
C15-PMH-mPEG display long circulation times® and
high tumor accumulation;'® the (6,5) SWCNTs ex-
changed into C18-PMH-mPEG displayed similar
ultra-long circulation half-life and significant tumor
uptake. Importantly, C;g-PMH-mPEG-coated SWCNTs
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only partially activate the complement system, avoid-
ing the generation of anaphylatoxins.®' Specifically,
the terminal pathway of the complement system is
not triggered. This property has only been observed
by C;g-PMH-mPEG surfactant coated SWCNTs; DSPE-
mPEG, the surfactant previously used for exchanging
SWCNTs,*?! was shown to fully activate the comple-
ment pathway.”'

The poly(maleic anhydride) backbone forces the
PEG to be spaced 1—1.5 nm apart, ideal for protein
exclusion which prevents opsonization and removal
from circulation. The ultra-long circulation time
granted by the C;5-PMH-mPEG on SWCNTs enhances
tumor accumulation more than targeting and allows
the imaging/photothermal effect to be nonspecific for
a range of cancers. To date, C,g-PMH-mPEG has been
the most effective surfactant at delivering SWCNTs to
tumor tissue, another important reason that it was
chosen as the amphiphilic surfactant for exchange.
The optimal, 1-D dimensions of the SWCNT construct
creates the preferential accumulation in tumor tissue
while the highly PEGylated exterior allows for sufficient
circulation and stealth in vivo for the tumor accumula-
tion to become significant compared to healthy tissue.

Homogenous solutions of a single diameter and
narrow length distributions could help to address
concerns over potential diameter-dependent cytotoxi-
city as well as the long-term fate of different diameters.
Monodispersed solutions with a single nanotube spe-
cies and well understood pharmacokinetics are much
more likely to be used for future clinical use than an
unsorted random mixture of diameters and electronic
types. Furthermore, the selection of a SWCNT chirality with

METHODS

Density Gradient Ultracentrifugation Separation of (6,5) SWCNT. Both
iterations involve the creation of a density gradient by first
pipetting six layers whose densities vary from 1.09 to 1.16 g/mL
into a centrifuge tube followed by tilting the tube to 10° from
horizontal for 1 h to allow for interlayer diffusion to smooth out
the density steps. A constant surfactant loading of 0.7% sodium
cholate and 0.175% sodium dodecyl sulfate throughout the
centrifuge tube was used in the first iteration and the second
iterative DGU step was performed with a 4:1 SC/SDS ratio and an
overall surfactant loading of 1% (w/v). For the first iteration,
SWCNTs, dispersed in 2% (w/v) SC + DI, were inserted in the
gradient using a syringe pump. After 32 h of ultracentrifugation
at 41 krpm, the purple (6,5) band was removed by lowering an
HPLC needle fixed to a manual translational stage into the center
of the band and removing 100 uL 3—4 times per centrifuge
tube. The (6,5) extracted from the first iteration was placed at
the bottom of a second linear density gradient using a syringe
pump and run at 41 krpm for 14 h. Both centrifuge runs were
performed on a SW41Ti rotor and an Optima L-100 XP Ultra-
centrifuge. See Supporting Information for all separation details.

Synthesis of 90 kDa C;g-PMH-mPEG. The 90 kDa amphiphilic
poly(maleic anhydride-alt-1-octadecene)-methoxy poly(ethy-
leneglycol) (C;g-PMH-mPEG) was synthesized in the same manner
as previously published.3%*?

Surfactant Exchange from Sodium Cholate to 90 kDa C;3-PMH-mPEG.
Ten milligrams of C;g-PMH-mPEG was added to 10 mL of (6,5)

ANTARIS ET AL.

well-defined optical properties suited for a particular
biological application can lead to dramatic decreases
in the required dose while alleviating potential con-
cerns over long-term retention toxicity. Further work is
ongoing to investigate the long-term biodistribution/
retention of SWCNTs and their chirality dependence,
and excretion behaviors of the (6,5) SWCNTs as well as
developing a well-defined toxicity profile of the highly
homogeneous (6,5) SWCNTSs.

CONCLUSION

There is an ongoing exploration for biocompatible
in vivo imaging contrast agents for cancer diagnostics
that possess high imaging sensitivity and resolution,
provide excellent depth penetration, and that are
deliverable. The ideal contrast agent should not only
identify the site of a tumorous mass, but have intrinsic
properties that provide noninvasive cancer therapy. As
a bulk material, SWCNTs possess all the desired proper-
ties of a theranostic agent, with excellent tumor ima-
ging and photothermal therapy at reasonable doses,
yet lack structural homogeneity which profoundly
influences their optical properties. Through this work,
we have demonstrated the first system for making
biocompatible, single-chirality SWCNTs through DGU
and surfactant-exchange. The ultra-pure (6,5) SWCNTSs
replicated the pharmacokinetics, imaging, and photo-
thermal capabilities of bulk SWCNTs at more than an
order of magnitude lower dose. Tumors were unam-
biguously imaged and heated to 50 °C with an intra-
venous injection of ~4 ug of SWCNT material. These
results should spur future research into ultra-low dose,
high efficiency SWCNT nanomedicines.

separated SWCNT solution at ~0.01 mg SWCNT/mL concentra-
tion. The solution was bath sonicated for 5 min, and then placed
in a 12— 14 kDa molecular weight cutoff dialysis membrane and
dialyzed in DI for 4 h. After 4 h, the solution was bath sonicated
for 2 min and then placed back in the dialysis membrane
with fresh water. This process was repeated through 8 water
changes. The relative quantum yield of the solution was deter-
mined after each sonication by taking absorbance and NIR PL
readings. After dialysis, the exchanged (6,5) SWCNT solution
was washed 4 x by centrifuge filtration with a 100 kDa MWCO
filter (Millipore).

Near-Infrared Photoluminescence Imaging of Mice. Balb/c mice
were purchased from Charles River and were housed at Stan-
ford Research Animal Facility under Stanford Institutional Animal
Care and Use Committee protocols.

For all mouse images, the mice were anesthetized on the
imaging stage using 2 L/min O, flow mixed with 3% isoflurane.
During imaging, an 808 nm laser diode (RMPC lasers) was focused
on the imaging stage at 0.14 W/cm? irradiation power using an
optical fiber and 4.5-mm focal length collimator (Thorlabs). The
808 nm excitation light source was filtered by an 850-nm short
pass filter and a 1000-nm short pass filter (Thorlabs) to remove
any stray light. NIR-ll fluorescence emission was collected using a
liquid-nitrogen-cooled, 320 x 256 pixel two-dimensional InGaAs
array (Princeton Instruments) for collecting photons in NIR-Il.
The emission from the mice was filtered with a 900-nm long-pass
filter (Thorlabs) before reaching the 2D InGaAs array detector to
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remove autofluorescence. A lens pair consisting of two achromats
(200 mm and 75 mm, Thorlabs) was used focus the image onto
the detector with a field of view including the whole body of the
mouse. All mouse images were taken with a 100 ms exposure
time.

Photothermal Heating of (6,5) SWCNTs. For in solution heating,
100 uL of (6,5) SWCNTs having 0.d.=1 at 991 nm (at a concen-
tration of 3.2 ug/mL) was irradiated along with 50 uL of a control
water solution and 50 L of bulk HIPCO SWCNT solution. The
solutions were irradiated with a 980 nm laser diode (VUEMetrix)
with a 4.66 cm? spot size and 0.6 W/cm? irradiation power for
3 min. A MikroShot thermal camera (Mikron) was used to collect
thermal images and quantify solution temperature every 30 s.
For in vivo heating, the 15 4T1 tumor-bearing mice were
anesthetized and irradiated with the 980 nm laser diode at
0.6 W/cm? and a 1.55 cm? spot size. During irradiation, thermal
images were taken every minute as well as immediately before
irradiation.

Blood Circulation and ex Vivo Biodistribution of SWCNTs. Three
tumor bearing mice, with tumors located on each shoulder,
were injected with (6,5) SWCNTs and used for circulation
and biodistribution studies following previously established
methods.** See Supporting Information for further details.

For experimental information on the characterization of
SWCNT solutions, mouse handling, SWCNT injections, and photo-
luminescence excitation emission spectra of (6,5) and HiPCO
SWCNTs, see Supporting Information.
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