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Carbon nanotubes (CNTs) were first described at the atomic
level by Tijima in the 1990s.Yl Pristine (as-produced, non-
functionalized) CNTs are water insoluble and a variety of
chemical strategies have been explored to functionalize the
nanotube surface and make them dispersible in aqueous
environments.”* Some years ago we reported the function-
alization by 1,3-dipolar cycloaddition of azomethine ylides
onto the carbon backbone of the tubes to append hydrophilic
amino groups to the inherently hydrophobic carbon struc-
ture.’! To understand the pharmacokinetic profile of CNTs
chemically modified by addition reactions, we have previously
evaluated the biodistribution of functionalized single-walled
(fFSWNTs) and multi-walled (-MWNTs) CNTs after intra-
venous administration in mouse and rat models.”* Ammo-
nium f~SWNTs (average diameter of 1 nm; average length of
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300-1000 nm)”' and ~MWNTs (average diameter of 20-
30 nm; average length of 5002000 nm)® were conjugated
with the chelating molecule diethylentriaminepentaacetic
dianhydride (DTPA) and then labeled with radioactive
indium (*"'In) for tracking purposes.

Previous dynamic imaging studies by SPECT/CT (single-
photon emission computed tomography) and quantitative
gamma scintigraphy indicated rapid clearance of highly
functionalized nanotubes from systemic blood circulation
through renal excretion with minimal accumulation in the
reticuloendothelial system (RES). Subsequent studies veri-
fied independently this behavior by showing rapid clearance
of short hydroxylated SWNTs®! or ammonium f-SWNTs[!%
after intravenous administration in mice. Renal clearance of
carboxylated glucosamine f-MWNTs was also reported after
intraperitoneal administration.'!! Contrary to the above
mentioned studies, other work has shown accumulation of
macromolecule (polymer or lipopolymer)-coated MWNTs
accumulating mainly in RES organs, such as liver and
spleen.'>31 We have also reported liver and lung accumu-
lation of serum-coated, non-functionalized MWNTs.!'¥

Several factors are believed to play a role in the in vivo
fate of CNTs including the type of surface modification
(physical coating versus chemical functionalization) and the
degree of chemical functionalization.'”! Since pharmacoki-
netic profiling of carbon-based nanomaterials is essential for
both pharmacological and toxicological reasons, this study
attempts to determine the effect of the degree of MWNT
chemical functionalization on their ensuing pharmacokinetic
profile. Two strategies were used to functionalize MWNT's
with DTPA molecules (Scheme 1). In the first strategy,
ammonium f-MWNTs were prepared by 1,3-dipolar cyclo-
addition and subsequently conjugated to DTPA as previously
reported.”) In the second approach, MWNTs were first
oxidized by acid treatment, followed by amidation and
conjugation to DTPA.!!

The oxidation of carbon nanotubes by strong acids, along
with sonication, shortened the carbon nanotubes and intro-
duced carboxylate groups, mostly at the tube tips and the
defect sites. The carboxylate groups were then converted by
an amidation reaction generating fFMWNTs with several
amino groups, which were subsequently conjugated to DTPA.
The derived DTPA-MWNTs (MWNTs 6, 7, and 8) were then
chelated with radioactive '"In. Based on the degree of
chemical functionalization, the DTPA-MWNTs studied were
categorized into two types: those with a low degree of
functionalization (modified by 1,3-dipolar cycloaddition or
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Scheme 1. Synthesis of the different DTPA-MWNTs. 1) 1. Boc-NH-(CH,CH,0),-CH,CH,-NH-CH,-COOH/
(H,CO),, in dimethylformamide (DMF); 2. 4m HCl in dioxane. 2) N,N-diisopropylethylamine/DTPA in dry
DMSO/DMF. 3) H,SO,/HNO; (3:1), sonication. 4) 1. Neat (COCl),; 2. Boc-NH-(CH,CH,0),-CH,CH,-NH,,

dry tetrahydrofuran; 3. 4m HCl in dioxane. Boc = tert-butyloxycarbonyl.

amidation reaction), corresponding to 0.058-0.115 mmol of
amino groups per gram of nanotube material (MWNTs 6 and
7), and those of an intermediate degree of functionalization,
corresponding to 0.320 mmolg™' (MWNT 8). The quantita-
tive Kaiser test was used to determine the amount of free
amino groups before and after DTPA loading. The character-
istics, in terms of functional groups, of the DTPA-MWNTs are
summarized in Table S1 (see Supporting Information).
Transmission electron microscopy (TEM) images of the
DTPA-MWNT constructs were obtained after aqueous
dispersion, deposition onto a TEM grid, and evaporation of
water (Figure 1). Using Image J analysis of TEM micro-
graphs, we measured the diameter average of the pristine
nanotubes and the length distribution of both non-oxidized
MWNTs used for the preparation of DTPA-MWNT 6 and
oxidized MWNTs used for the synthesis of DTPA-MWNT 7
and 8 (Supporting Information, Figure S1). The diameter
distribution of the nanotubes was not affected during the

MWNT &

MWNT 7

MWNT 8

x

Figure 1. Morphological characterization of f-MWNTs. Representative
TEM images of the DTPA-MWNTs dispersed in water. Scale
bar=200 nm.
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MWNTs were radiolabeled as
described in the Supporting
Information. The reaction effi-
ciency was determined by thin
layer chromatography (TLC)
and phosphorimaging.
Quenched "'In-EDTA (ethyl-
enediaminetetraacetic acid) migrated to the solvent front
while ""In-DTPA-MWNTs remained at the application point
(Supporting Information, Figure S2 and Table S2). As
expected, the specific radioactivity (MBq/mg of CNTs)
increased as the degree of chemical functionalization and
DTPA loading increased. The excess of residual "'In was
quenched by addition of EDTA, and then removed by
centrifugation. "'In-DTPA-MWNT pellets were recovered
and resuspended in 5% dextrose before administration into
mice. The absence of free '"'In in the injected dose was
confirmed by TLC analysis of the “ready to inject” material.
Serum stability studies were conducted by assessing the free
"n released in the dispersion after 24 h incubation in 50 %
mouse serum at 37°C (Supporting Information, Figure S3).
All radiolabeled constructs showed the same good stability in
the presence of serum before injection.

Each group of animals (n =4) was injected in the tail vein
with 50 pg of ""In-DTPA-MWNT containing approximately
5-6 MBq. Three-dimensional reconstruction of whole-body
images by SPECT/CT of '''In-DTPA-MWNTs or "''In-EDTA
was conducted at 0.5, 3.5, and 24 h after injection of the
radiolabeled complex. SPECT/CT imaging of MWNT 6
showed accumulation predominantly in the liver followed
by the spleen, then the lung (Figure 2). Signals were also
detected in the bladder at an early time point (0.5 h), which is
due to early excretion of the individualized MWNT fraction.
SPECT/CT imaging of MWNT 7 showed a similar profile as
MWNT 6 at all time points. MWNT 8 exhibited an altered
organ distribution profile compared to MWNTs 6 and 7 with
a clear reduction in liver accumulation. Moreover, at 0.5 h
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Figure 2. Whole-body imaging. Nano-SPECT/CT fused images of the
whole mouse. Images were taken at 0.5, 3.5 and 24 h post-injection for
MWNTs 6, 7, and 8 after injection of 50 pg of ""'In-DTPA-MWNTs with
a scanning time up to 0.5 h.

bladder signals were more intense in MWNT 8 than MWNTSs
6 and 7. The percentage of the injected dose detected in the
bladder, quantified by SPECT, at all time points are
summarized in Table S3 (see Supporting Information). A
higher degree of chemical functionalization led to enhanced
renal clearance at 0.5h. As expected, free "'In-EDTA
showed accumulation mainly in the kidneys and the bladder
at 0.5 and 3.5h, with no signal detected at all at 24 h
(Supporting Information, Figure S4).

After 24 h, organs were removed to obtain an independ-
ent quantitative estimation of the percentage of the injected
dose retained in major organs by gamma scintigraphy. Results
were expressed as a percentage of the injected dose per gram
tissue (%ID/g) and a percentage of the injected dose per
organ (%ID/organ). In the case of MWNTs 6 and 7, the
highest %ID/g was detected in liver, spleen, and lung in the
following order: liver > spleen > lung (Figure 3). This result
agreed with the SPECT/CT imaging.

In the case of MWNT 8, a reduction in liver accumulation
(from 70-80% to less than 60%ID/g) and an increase in
spleen and lung accumulation were measured compared to
MWNTs 6 and 7, confirming the SPECT imaging results. We
also observed lung to spleen translocation of MWNTs 6 and 7
over time. A similar result was previously reported for
pristine and “C-taurine-MWNTSs, which could be explained
by the translocation of overloaded MWNTSs from the lungs to
the afferent lymphatics and then to the spleen.'®!) No
difference in biodistribution profile was noted when DTPA
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was substituted with 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) in MWNT 8 (Supporting Informa-
tion, Figure S5). The percentage of the injected dose recov-
ered from the major organs (liver, spleen, lung, and kidney)
by gamma scintigraphy was 63.4%, 71.6 %, and 49.0 % for 6,
7, and 8, respectively (see Supporting Information, Table S3).

To further analyze the pharmacokinetic data obtained in
these experiments, experimentally determined values of 'In
concentration in the blood were fitted in bi-exponential
function models (refer to Supporting Information for further
details). The pharmacokinetic parameters determined are
shown in Table 1. Immediately after injection, the percentage
of the injected dose detected in the blood declined rapidly for

Table 1: Blood halflife (t, ;) and volume of distribution (V) after
intravenous administration of ffMWNTs.

FMWNTs tij2 [T e Vg [mL®
MWNT 6 0.019 0.96 3.995
MWNT 7 0.053 3.10 5.219
MWNT 8 0.013 7.03 1.904

[a] Obtained by fitting data points in a bi-exponential function model.
[b] The fitted value at t=0 is given by f, =A+ B and the corresponding
volume of distribution factor is given by Vy'=100/f, =100/(A+B). A
and B are the coefficients of the exponential terms (see Supporting
Information for more details). The actual volume of distribution is then
given by V=V, x 1.7 mL, where we have assumed a blood volume of
1.7 mL for a 20 g mouse.

all MWNTs (Figure 4). Two half-lives were calculated. The
short first-phase half-life ,,, (ca. 0.013 h~'=0.053 h™!, Table 1)
suggested that MWNTs were distributed rapidly between
blood (central compartment) and tissues (peripheral com-
partment) with the possibility of rapid renal excretion taking
place. After a pseudo-equilibrium distribution has been
achieved, a second phase follows where blood levels of
MWNTs 6, 7, and 8 very slowly declined.

In this second phase, the reduction in plasma concen-
trations is primarily due to nanotube elimination, in contrast
to the initial phase where the rapid reduction in plasma
concentrations was also related to organ distribution.” The
elimination half-life #,,; was calculated and estimated to be in
the range of about 0.96-7.03 h™'. Despite the fact that all
MWNTs had similar blood profiles, a closer inspection in the
tipg suggested that MWNT 8 (f,,,=7.03h"") exhibited
a longer elimination half-life compared to MWNTSs 6 (¢,,5=
0.96 h™') and 7 (#;,5 =3.1 h™"). In contrast, at early time points
(up to 0.1 h) MWNT 8 (¢,,, =0.013 h™') decayed faster than
MWNT 6 (t,,,=0.019 h™") and MWNT 7 (,,,=0.053h7"),
which further agrees with the rapid renal clearance detected
by SPECT/CT imaging of MWNT 8. Volume of distribution
(V4) was calculated by dividing the injected dose by the blood
concentration at zero hours. High V, values (approximately
1.9-4.0 mL; Table 1) were obtained and can be explained by
a broad distribution of MWNT into major organs.

Long-term tissue distribution of non-radiolabeled
MWNTs 8 was further assessed by histological examination
of fixed and stained sections from major organs at 1 h, 7 days,
and 30 days post-administration. Hematoxylin and eosin
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Figure 3. Quantitative tissue distribution. Results shown as a percentage of the injected dose per gram
tissues (%ID/g) or per organ (%ID/organ) at 24 h after injection of 50 ug of '"'In-DTPA-MWNTs, quantified

by gamma scintigraphy. Data are expressed as means+SD (n=3-4).
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Figure 4. Pharmacokinetic modeling analysis. Blood-clearance profile

of DTPA-MWNTs (mean=+SD, n=3-4).

(H&E) stained sections revealed that there were no signs of
tissue necrosis, fibrosis, or inflammation at all three time
intervals (Supporting Information, Figure S6-S8). In neutral
red-stained sections, MWNTs 8 appeared as black spots of
varying size. Large and small clusters of MWNTSs 8 were
observed in the lung at 1 h and 7 days, but only large clusters
remained in the lung after 30 days. Smaller clusters of
MWNTs 8 were widely distributed throughout the liver and
spleen at earlier time points but then were gradually reduced
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upon entrance into the sys-
temic blood compartment
that can result in bundling
of the nanotubes.! Accu-
mulation of chemically func-
tionalized CNTs in organs of
the RES has also been reported, and the difference in
hydrophobicity of the hydroxylated versus chelate/amine
functionalized CNTs was thought to be responsible for the
accumulation in the liver.'¥ In this study, liver accumulation
of the chemically functionalized DTPA-MWNTs can be
attributed to possible in vivo bundling owing to insufficient
surface functionalization. We and others have independently
described that individualized, well-dispersed MWNTs were
detected in the renal capillary lumen and during translocation
through the glomerular filtration barrier with their longitu-
dinal axis vertically oriented to the endothelial fenestra-
tions.'” 2! We can conclude from such studies that differences
in CNT individualization (i.e. how many nanotubes are
isolated from one another) can determine their excretion
profile in vivo, in which only individualized nanotubes of
average diameter 20-30 nm can be excreted through the
kidney. In this study, the diameter of all the constructs was in
the range of the glomerular filtration cut off (ca. 30 nm). The
results indicate that the difference in organ distribution and
excretion profiles was mainly dependent on the degree of
chemical functionalization, which is expected to directly
affect CNT individualization. A fraction (greater than 17 % of
the injected dose; Table S3) of MWNTs 8 escaped the
glomerular filter, while the majority of aggregated nanotubes
accumulated in the liver, spleen, and lung. These findings

Angew. Chem. 2012, 124, 6495-6499



have three implications: 1) they confirm that previous studies
showing rapid renal clearance and low tissue retention were
due to the individualization of CNTs, as a result of the high
degree of chemical functionalization (over
0.99 mmol g);7%1% 2) renal excretion is not only length-
dependent as both MWNTs 7 and MWNTs 8 were shortened
and of approximately the same dimensions, however MWNTs
8 showed improved renal clearance compared to MWNTSs 7;
and 3) increasing the degree of chemical functionalization in
a controlled manner can enhance renal clearance, while
decreasing the degree of chemical functionalization will favor
RES organ accumulation.

In conclusion, from this study we envisage that by tuning
the degree of surface chemical functionalization of CNTs,
greater control over their organ distribution and clearance
profiles in vivo can be achieved. Controlling these properties
is considered extremely important for the future design of
CNT-based diagnostics and therapeutics.

Experimental Section

Multi-walled carbon nanotubes (MWNTs) were purchased from
Nanostructured & Amorphous Materials Inc. (Houston). MWNTs
used in this study were 94 % pure (stock no. 1240XH). Their outer
diameter was between 20 and 30 nm, and length was between 0.5 and
2 pm. For chemical functionalization of MWNTs 6, MWNT-NH;" 2
was made using a 1,3-dipolar cycloaddition reaction (loading:
0.058 mmolg™' of amino functional groups) as reported.l’! After
derivatization with DTPA, the MWNTs 6 were recovered by
centrifugation, washed with water, and reprecipitated from MeOH/
diethyl ether. The reaction went to completion, as confirmed by
a negative Kaiser test. For chemical functionalization of MWNTSs 7,
MWNTSs 1 were first oxidized by acid treatment,® then treated with
Boc-monoprotected diaminotriethyleneglycol (TEG) followed by
a deprotection step to afford ammonium functionalized MWNTs
(MWNT-TEG-NH;*; MWNTs 4).2l A Kaiser test confirmed amine
loading of 0.115 mmolg~'. MWNTs 4 were treated with DTPA, and
a Kaiser test showed that 0.080 mmolg™" of free ammonium groups
were still present. To increase the amount of amino groups (MWNTs
5) for the subsequent introduction of the chelating agent DTPA, the
functionalization of oxidized nanotubes was repeated as for MWNTs
4 but the reaction conditions were slightly changed (see Supporting
Information for further details). Kaiser tests confirmed a loading of
0.320 and 0.034 mmolg™' of free amines before and after DTPA
conjugation, respectively. Details of chemical functionalization of
MWNTs 6, 7, and 8, their radiolabeling and the pharmacokinetic
modeling studies are fully described in the Supporting Information.
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