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ABSTRACT A multiwalled carbon nanotube (MWNT)-based drug delivery system was developed by covalently
combining carbon nanotubes with the antitumor agent 10-hydroxycamptothecin (HCPT) using hydrophilic
diaminotriethylene glycol as the spacer between nanotube and drug moieties. The surface functionalizations of
the nanotube were carried out by enrichment of carboxylic groups with optimized oxidization treatment, followed
by covalently linking hydrophilic diaminotriethylene glycol via amidation reaction, and then HCPT was chemically
attached to carbon nanotubes through a cleavable ester linkage. It is demonstrated that the obtained
MWNT—HCPT conjugates are superior in antitumor activity both in vitro and in vivo to dinical HCPT formulation.
In vivo single photon emission computed tomography (SPECT) imaging and ex vivo gamma scintillation counting
analyses reveal that MWNT—HCPT conjugates have relatively long blood circulation and high drug accumulation
in the tumor site. These properties together with the enhanced cell uptake and multivalent presentation of HCPT
on a single nanotube benefit substantially the antitumor effects and would boost significantly the applications of
carbon nanotubes in the biomedicine field.
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arbon nanotubes (CNTs) have been

investigated as an excellent candi-

date for drug delivery carrier due to
their quasi-one-dimensional nanostructure,
unique optical and electronic properties,
ultrahigh surface area, remarkable cell
membrane penetrability, and facile func-
tionalization by different ways.' 7 This ap-
plication potential has been arousing in-
creasing concerns for the biocompatibility
of carbon nanotubes. With respect to other
inorganic nanomaterials, the composition
of full carbon of carbon nanotubes greatly
benefits their biocompatibility. Although
the metal contaminations derived from the
catalysts and the aggregation of hydropho-
bic carbon nanotubes may conduce some
extent of toxicity, this toxicity can be effi-
ciently diminished by purification and hy-
drophilic modification treatments.’* 819
So far, it has been generally acknowledged
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that well-functionalized hydrophilic carbon
nanotubes exhibit good biocompatibility.
However, in living system, CNT-related car-
riers are generally susceptible to the
opsonization-induced reticuloendothelial
system (RES) uptake, which attenuates sig-
nificantly their retention time in the blood-
stream and eventual bioavailability of the
carried drug. To address this issue, PEGyla-
tion has been considered as a useful way for
such carriers to resist opsonization and ac-
quire long circulation in vivo.'*182°723 A|-
though poly(ethylene glycol) (PEG) does ex-
hibit remarkable advantages, such as high
hydrophilicity, good biocompatibility, and
low immunogenicity, its intrinsic drawbacks
have also been progressively revealed. For
example, PEG can activate the complement
system in a molecular weight (MW)- and
concentration-dependent manner. Briefly,
increasing either the MW or concentration
of PEG would evidently accelerate the
complement activation.?* The complement
activation may cause the release of anaphy-
latoxins, which is thought to be respon-
sible for the observed pseudoallergic reac-
tion following intravenous injections of
PEG-containing medicines.>*”?° Further-
more, it has been revealed that the PEG
coating can block the interaction between
CNTs and cells and consequently affect the
cellular uptake of CNTs, which is also closely
related to the MW and surface density of
PEG and greatly unfavorable to the thera-
peutic function of the carried drug.?”-2®
Summiarily, the longer PEG chain may acceler-
ate complement activation and incur weak
cellular uptake to a greater extent in spite of
their longer circulation. Thus, rationally de-
signed functionalization schemes are
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important to balance such contradic-
tive factors for developing the effec-
tive CNT-based carriers. In addition,
the linking manner of drug to CNTs is
also important for the overall perfor-
mance of the conjugates. Up to now,
diverse antitumor drugs have been
loaded onto CNTs via covalent or non-
covalent means.>”%®'¢ Pastorin et al.
attached both methotrexate and fluo-
rescein isothiocyanate (FITC) onto the
side wall of MWNTSs via the 1,3-dipolar
cycloaddition reaction of azomethine
ylides and found that the functional-
ized MWNTSs could be internalized by
Jurkat cells, but no further evaluation
of the antitumor activity and other bio-
logical property of the functionalized
MWNTs was presented.'® Bhirde et al.
combined both cisplatin and epider-
mal growth factor (EGF, as a targeting
agent to squamous cancer) with
SWNTs via the coordination and ami-
dation of nanotube-bound carboxylic
groups, respectively, and found that
the system had good in vitro and in
vivo antitumor activity except that the
drug loading was low (~5.2 wmol/g).°
Besides these two examples, noncova-
lent means (including hydrophobic or
—r stacking interactions) were
mostly used to load the antitumor
drug.?”>® Since the noncovalent inter-
action is not as robust as covalent link-
age, the early release of the drug be-
fore reaching the pharmacologic
tissues should be inevitable. Conclu-
sively, the CNT-based carriers with
good biocompatibility, efficient cellu-
lar uptake, long circulation time, and
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Scheme 1. Synthesis route of the MWNT—HCPT conjugates. (a) Thionyl chloride, reflux;

appropriate drug-linking manner are in () Boc-NH(CH,CH,0),-CH,CH,NH,, triethylamine, anhydrous THF, reflux; (c) 4 M HCl in
demand for the further development dioxane; (d) d-HCPT, EDC X HCl, NHS, triethylamine, anhydrous DMF; (e) FITC, anhy-

of CNTs in the biomedical application
field.

Herein, we report the preparation and antitumor ac-
tivity of a multiwalled carbon nanotube (MWNT)-based
drug delivery system, in which the antitumor agent 10-
hydroxycamptothecin (HCPT) is covalently linked with
the MWNT by a hydrophilic spacer of diaminotriethyl-
ene glycol through biocleavable ester linkage (Scheme
1). Being similar to its congeners, such as camptothecin
(CPT), 7-ethyl-10-hydroxycamptothecin (SN-38), and so
on, HCPT displays a prominent therapeutic role to a
broad spectrum of tumors by inhibiting the DNA en-
zyme topoisomerase 1.2°3° However, the inherent poor
solubility of HCPT in aqueous medium greatly limits its
clinical applications. We anticipate that combining
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drous DMF; (f) DTPA dianhydride, triethylamine, anhydrous DMSO; (g) stannous chlo-
ride, °™TcO,".

HCPT with CNTs through a hydrophilic oligomeric eth-
ylene glycol in a biocleavable linking manner can im-
prove its aqueous solubility and simultaneously endow
the drug with efficient cellular uptake, long blood circu-
lation, and eventual high antitumor activity. Encourag-
ingly, these desired properties are essentially exhibited
by the obtained MWNT—HCPT conjugates in the cur-
rent work.

RESULTS AND DISCUSSION

Synthesis of MWNT—HCPT Conjugates. Scheme 1 summa-
rizes the entire synthesis route of the MWNT—HCPT
conjugates. The high hydrophobic and metal catalyst-
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Figure 1. Loadings of the MWNTs treated by different oxi-
dation times. The values were obtained by a quantitative
Kaiser test after introduction of amine via nanotube-bound
carboxylic groups.

containing features of pristine CNTs depress greatly
their biological security and consequently hamper their
application potential in biomedicine fields. To sur-
mount these obstacles, purification and hydrophilic
modification were performed. Oxidation treatment, as
an effective approach to eliminate the contaminants
and concomitantly generate abundant carboxylic
groups at the defect sites of CNTs, was adopted as the
primary step to synthesize the target product of
MWNT—HCPT conjugates in the current work.

For the purpose of increasing the amount of MWNT-
bound carboxylic groups and improving MWNTs’ wa-
ter solubility as well as capacity to conjugate drugs, a
series of oxidized MWNTSs were prepared by varying the
duration of oxidation treatment from 12 to 60 h with a
12 hinterval in a mixture of sulfuric and nitric acids un-
der the sonication. The loadings (amount of functional
groups) in CNT were measured following essentially the
procedures reported previously."” The CNT-bound car-
boxylic groups preactivated as acyl chlorides were de-
rivatived with tert-butyloxycarbonyl (Boc) group mono-
protected diaminotriethylene glycol through
amidation, followed by the cleavage of the Boc groups
(see Supporting Information for detailed experimental
procedures). The amount of the obtained free amino
groups on the CNT sample was counted with a quanti-
tative Kaiser test. As shown in Figure 1, the amount of
amino groups on the CNT sample increases with the
elongation of the oxidation treatment from 0.41
mmol/g for 12 h to 0.63 mmol/g for 36 h, whereas
when the oxidation time exceeds 36 h, the loading
tends to be a constant approximately. These loading re-
sults are obviously different from those reported previ-
ously,’” which can be ascribed reasonably to the differ-
ence in the structure of CNTs used (e.g., diameter and
especially defect content). The MWNTs treated by 36 h
oxidation were selected for subsequent synthesis and
named as MWNTs 1 (Scheme 1). The length of MWNTSs
1 is in the range of 20—700 nm with a mean of ~160
nm, as statistically estimated by scanning electronic
microscopy (SEM, Figure 2). Furthermore, to determine
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Figure 2. (a) Typical SEM image of MWNTSs 1. (b) Length dis-
tribution histogram of MWNTs 1 measured via the SEM
image.

whether there are still the metal elements derived from
the catalysts (containing Fe, Y, and La metal elements)
in MWNTSs 1, X-ray photoelectron spectroscopy (XPS)
analyses were performed (see Figure S1 in Supporting
Information for the XPS spectra of MWNTSs 1). No de-
tectable metal element is found in the sample of
MWNTs 1, which would greatly benefit their action as
drug carriers.

To couple HCPT with MWNTSs, a succinate-based
HCPT ester derivative (d-HCPT, Scheme 1) was initially
synthesized through the 10-hydroxy group, which was
structurally characterized by UV—vis spectroscopy, 'H,
13C nuclear magnetic resonance (NMR), and electro-
spray ionization (ESI) mass spectroscopy (detailed in
Supporting Information). Thereafter, the d-HCPT was
linked to MWNTSs via two synthesis stages. First, the
amino groups were introduced to MWNTs 1 following
described procedures, giving MWNTs 2 (Scheme 1). The
obtained MWNTs 2 exhibit an amino group amount of
~0.63 mmol/g as determined by a quantitative Kaiser
test. Second, d-HCPT activated previously with N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride (EDC X HCIl) and N-hydroxysuccinimide (NHS)
was attached to the surface of MWNTs 2 via amidation,
affording MWNTSs 3 (Scheme 1). After removing the un-
conjugated d-HCPT thoroughly by filtration (moni-
tored by thin-layer chromatography), the specific link-
age of d-HCPT to MWNTs was confirmed by the UV—vis
spectrum (Figure 3a). In the spectrum of MWNTs 3, the
typical absorption bands from d-HCPT can be observed.
After subtraction of the contribution of CNTs to the ab-
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Figure 3. (a) UV—vis spectra of MWNTs 3 (solid line), MWNTs
2 (dashed line), and d-HCPT (dash-dot line) in DMSO. (b)
Typical SEM image of MWNTSs 3. Inset shows a photograph
of MWNTSs 3 solution in saline.

sorbance, the loading of HCPT was evaluated to be
~16% on the basis of the calibration curve, indicating
that a satisfactory drug loading content is achieved by
this strategy. In addition, according to the quantitative
Kaiser test, the amount of free amino groups on MWNTs
changed from ~0.63 to ~0.13 mmol/g after the conju-
gation of d-HCPT, which corroborated the drug loading
determined by UV—vis. MWNTSs 3 are quite soluble in
aqueous medium, as indicated by the inset image of
Figure 3b, which is attributable to the high density of
the hydrophilic glycol chains on the surface of MWNTs
(every ~120 nanotube carbon atoms for one chain
based on the quantitative Kaiser test, regardless of the
layer number of MWNTSs). The morphology of MWNTs 3
was analyzed by SEM (Figure 3b). No detectable change
was found in comparison with that of MWNTSs 1.

In Vitro Performance of the MWNT—HCPT Conjugates. Since
the ester bond used to link the nanotube and drug moi-
eties is hydrolytically unstable, the nanotube-carried
HCPT should be released in an aqueous environment
to some extent. Figure 4 shows the in vitro HCPT release
profiles of MWNTSs 3 in buffer solutions with different
pH values and fetal bovine serum (FBS) at 37 °C. It can
be seen that HCPT release is faster at pH 5.0 than at pH
7.4 in buffer solutions within 128 h monitoring dura-
tion. However, the released portion did not exceed 15%
of the total amount of loaded drug during the experi-
ment period at either pH 5.0 or 7.4, indicating relatively
high stability of the ester bond in the absence of en-
zyme. By contrast, a much faster release can be found
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Figure 4. In vitro release profiles of MWNTSs 3 in the me-
dia of phosphate buffered saline (pH 7.4, 0.1 M, circle),
acetate buffered saline (pH 5.0, 0.1 M, square), and fetal
bovine serum (triangle) at 37 °C, expressed as the per-
centage of cumulative release to the total amount of
HCPT in the sample.

in FBS, which is attributable to the catalysis of the es-
terase in serum on the hydrolysis of ester linkage.

Laser scanning confocal microscopy (LSCM) was
used to trace the cellular uptake of the MWNT—HCPT
labeled with FITC through the remnant amino groups
(MWNTs 4, Scheme 1). Figure 5 shows the section im-
age of human gastric carcinoma MKN-28 cells co-
incubated with MWNTs 4 at 37 °C for 2 h. It can be
seen that, after being incubated with MWNTs 4, cells
still maintain their normal morphology, and MWNTs 4
are distributed in the entire cell cytoplasm, with a little
in nuclear, suggesting that MWNT—HCPT has great abil-
ity to penetrate cell membrane barriers and localizes
in cell cytoplasm. This is crucial to exert the pharmaco-
logical activity of HCPT on the basis of the acting mech-
anism of HCPT.?%:3°

To examine the pharmacological activity of MWNTs
3 and the potential toxicity of the plain MWNTs (MWNTs
2), the in vitro cytotoxicity of MWNTSs 3 and 2 against
MKN-28 cells was investigated together with a positive
control of lyophilized clinical HCPT injection (Figure 6).
The inhibitory ratio was determined after 48 h of incu-
bation with a series of doses of HCPT injection, MWNTs
2 or 3 by WST-1 assay, since MTT assay, though gener-
ally used in cytotoxicity test, may give false results due
to the interaction between CNTs and MTT-formazan

50 pm

Figure 5. Typical fluorescence confocal microscopy image
of MKN-28 cells incubated with 25 pg/mL of MWNTSs 4 at 37
°Cfor2h.
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Figure 6. In vitro cytotoxicity of clinical HCPT injection
(a, black), MWNTs 3 (a, white), and MWNTSs 2 (b) against
MKN-28 cells.

formed in the MTT reaction, which does not occur in
the case of WST-1 assay.?" As shown in Figure 6a,
MWNTs 3 exhibit significantly improved cytotoxicity
with respect to HCPT injection at equal HCPT concentra-
tions, which may be associated with the enhanced cel-
lular uptake of the drug by conjugation to CNTs as well
as the multivalent presentation of HCPT on a single
nanotube, acting as a drug concentrator. Furthermore,
this study also confirms that the conjugation does not
adversely influence the activity of HCPT. Additionally,
no significant cytotoxicity is observed with the plain
CNTs (MWNTs 2) at all used concentrations (Figure 6b).
Biodistribution of the MWNT—HCPT Conjugates. Investiga-
tions of the in vivo behavior of MWNTSs 3 are required
to further understand how the conjugates act in a liv-
ing system. Generally, nanomaterials including CNTs in
the circulatory system are susceptible to osponization-
induced RES capture, leading to the increased accumu-
lation in RES organs (e.g., liver and spleen) and de-
creased blood circulation time, which interferes greatly
with their enrichment in tumor via enhanced perme-
ability and retention (EPR) effect and eventual thera-
peutic efficacy.>?' 23 As mentioned above, PEGylation
can ameliorate such performance of CNTs to some ex-
tent; however, it also unfavorably decreases their cellu-
lar uptake efficiency. We anticipate that a desirable bal-
ance between the circulation time and cellular uptake
efficiency of the drug-bearing CNTs can be reached by
our strategy since the efficient cellular uptake has been
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Figure 7. SPECT images of a hepatic H22 tumor-bearing
mouse at various time points after injection of MWNTs 5
via the tail vein obtained from anterior (top) and posterior
(bottom) acquisition under the anesthetized condition. The
arrows denote the regions of the tumor.

proved as described above. To investigate the fate of
MWNTs 3 in a living system using a radioactive tracing
technique, the residual amino groups bound by MWNTs
3 (~0.13 mmol/g) were utilized to react with diethylene-
triaminepentaacetic (DTPA) dianhydride followed by la-
beling with radioactive nuclide technetium-99m (**"T¢;
T2 = 6.02 h, E, = 141 keV), affording MWNTSs 5
(Scheme 1). The radioactive tracing is a straightforward
and highly sensitive technique to probe quantitatively
the in vivo behavior, and *™Tc is one of the most desir-
able nuclides due to its stable labeling and appropri-
ate radiant energy. Thus, the sample of MWNTs 5 was
used to investigate the fate in a living body.

SPECT imaging and gamma scintillation counting
were used cooperatively to analyze the biodistribution
of the #™Tc-labeled MWNT—HCPT (MWNTs 5) injected
into subcutaneous hepatic H22 tumor-bearing mice via
the tail vein. Figure 7 displays the SPECT images of a he-
patic H22 tumor-bearing mouse at various time points
after the injection of MWNTSs 5. The different radioactive
intensities are represented by different colors as shown
in the color histogram in Figure 7. Briefly, the order of
blue, red, yellow, and white corresponds to the succes-
sively increasing intensity. It can be seen from the im-
ages that MWNTs 5 are rapidly distributed throughout
most tissues via blood circulation. In the whole region
including lung, heart, liver, spleen, kidney, and stomach,
strong signal can be observed. However, due to the pla-
nar image of the SPECT, the different organs in this re-
gion can hardly be distinguished. No significant inten-
sity variation with time in this region is found within
the monitoring period, indicating the relatively slow
concentration change of MWNTs 5 in these organs.
In contrast, the signal in the region of the intestine is
relatively weak, and the weaker signal in the skin
and muscle presents a striking contrast to the re-
gion of the head, tumor, femur, and other organs in
the thoracic and abdominal cavities. Importantly,
from the SPECT images, the enrichment of MWNTs
5 in the tumor is found over the whole experiment
duration. The tumor is clearly visualized as pointed
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by arrows in Figure 7, with signal intensity increas-
ing from 2 to 4 h p.i. and then keeping roughly un-
changed from 4 to 22 h p.i. In addition, a relatively
strong signal can also be observed in the region of
the bladder with time-dependent intensity, reveal-
ing that part of the injected MWNTs can be elimi-
nated through the renal excretion route. As time
elapsed, the signal intensity in this region increases
initially and then becomes very weak at 22 h p.i. Con-
sidering the threshold of the glomerular filtration
system, it can be speculated that only a fraction of
nanotubes with very short length in MWNTs 5
sample can be excreted via the urinary route, which
should occur at the early stage after administration
because of the small percentage of this part.?? Apart
from the biodistribution investigations in mice, simi-
lar biodistribution patterns of MWNTSs 5 injected
into tumor-free rats via the tail vein were also ob-
tained by SPECT imaging (see Figure S2 in Support-
ing Information).

In SPECT image, regions of interest can only present
the total signal from all organs in the plane of projec-
tion due to the planar image, and thus these organs can
hardly be analyzed individually. In view of this, the
gamma scintillation counting analysis of dissected or-
gans from hepatic H22 tumor-bearing mice was con-
ducted at different time after injection of MWNTSs 5 via
the tail vein, which can precisely provide quantitative
biodistribution of MWNTSs 5 in different organs, com-
pensating the shortage of the SPECT imaging. On the
basis of the scintillation counting results
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Figure 8. Biodistribution of MWNTSs 5 in different organs of
hepatic H22 tumor-bearing mice at various time points after
tail vein injection. The values were acquired as the percent-
age of ID per gram of collected organs and based on five
mice per group.

nanotubes should be responsible for this comparatively

long circulation. Importantly, the rapid enrichment of
MWNTs 5 in the tumor is also revealed quantitatively by

the analyses of gamma scintillation counting. The tumor
uptake of MWNTSs 5 at 1 h p.i. is calculated to be ~2.7%
ID/g. The maximum of tumor uptake among all of the test
time points is found to be ~3.6% ID/g at 4 h p.i,, and the
level slightly decreased to ~3.3% ID/g at 22 h p.i. (Figure
9b), which corroborates the results of SPECT imaging. Fur-
thermore, as shown in Figure 9c, there is still ~64% ID re-
maining in the body of mice at 22 h p.i., suggesting the

4.0

in Figure 8, high uptake of MWNTs 5 was
found in the liver, spleen, lung, kidney,
stomach (emptied), femur, and tumor; in
contrast, relatively low uptake was found
in the heart, intestine (emptied), brain,
skin, and muscle (thigh), which is well
consistent with the results of SPECT im-
aging. As shown in Figure 8, the maxi-
mum levels of MWNTs 5 in liver and

% ID/g in blood

b

3.5
3.0

2.5 4

Tumor uptake (% ID/g)

spleen among all of the test time points
are about 25% injected dose (ID) per
gram of wet tissue at 4 h p.i. and 16%
ID/g at 6 h p.i., respectively. The high ac-
cumulations of MWNTSs 5 in liver and
spleen suggest that RES uptake occurred
via blood circulation. Figure 9 gives the
time-dependent variation of MWNTs 5
concentration in blood, tumor, and body
of mice based on gamma scintillation
counting. The half-life of MWNTSs 5 in the
blood circulation is calculated to be ~3.6
h (Figure 9a; see Methods and Expetri-
ments for the calculation method), longer
than that of reported paclitaxel (PTX)-
bearing PEGylated SWNTs (~1.1 h).? The
dense hydrophilic short chain along the
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Figure 9. Variation of radiant activity in blood (a), tumor (b), and body of mice (c) at dif-
ferent time points p.i. expressed as the percentage of ID per gram of collected tissues (a,b)
and the percentage of ID left in body (c). Data are presented as mean = SD (n = 5).
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slow excretion of MWNTSs 5, which is consistent with pre-
vious reports.>2' 23

Considering the HCPT release from the conjugates,
HCPT may exhibit different distribution patterns com-
pared to MWNTSs 5 to some extent. However, on the ba-
sis of the in vitro HCPT release behavior of MWNTSs 3 in
FBS at 37 °C (Figure 4), which shows that only ~12% of
the loaded HCPT is released from MWNTSs 3 within 4 h
incubation in the serum, it is reasonable to say that the
half-life of MWNTSs 5 in blood circulation (~3.6 h) basi-
cally reflects that of HCPT and the injected carbon
nanotubes were taken up by various tissues with most
HCPT conjugated since the maximum levels of MWNTs
5 in the tested tissues are essentially reached within 4 h
p.i. except for spleen (reaching a maximum MWNTs 5
level at 6 h p.i.), as shown in Figure 8. What deserves to
be mentioned is that carbon nanotubes were also taken
up by tumor mostly in the conjugate form because
MWNTSs 5 reach a maximum level in the tumor within
4 h p.i. (Figure 9b), which is very important for the anti-
tumor efficiency of MWNT—HCPT.

In Vivo Antitumor Performance and Toxicity of the
MWNT—HCPT Conjugates. The in vivo antitumor perfor-
mance of MWNTSs 3 was further investigated by using
described subcutaneous hepatic H22 tumor-bearing
mice as the model animals and was compared with that
of clinical HCPT injection with two doses normalized to
be 2.5 and 5 mg of HCPT equivalent (equiv) per kilo-
gram of body weight, respectively. MWNTs 2 (contain-
ing the same nanotube concentration as MWNTSs 3 with
a dose of 5 mg/kg HCPT equiv) and saline-treated
groups were used as control. All of the samples were in-
jected as a solution in 0.3 mL of saline. Fifteen day
follow-up experiments were carried out after adminis-
trations. On the basis of the tumor volume measure-
ments performed every other day (Figure 10a), it can
be observed that MWNTs 3 inhibited tumor growth
much more efficiently than HCPT injection. Both the
two HCPT formulations (MWNT—HCPT and HCPT injec-
tion) exhibit dose-dependent antitumor features, that
is, the higher the drug dose, the better the antitumor
activity. The group treated with MWNTSs 3 at a dosage
of 2.5 mg/kg HCPT equiv shows similar tumor suppres-
sion effect to the group treated with HCPT injection at
the dose of 5 mg/kg HCPT equiv in the initial 9 days, but
better effect from 9th to 15th day, which further con-
firms the better antitumor activity of MWNTSs 3 than
HCPT injection. The tumor growth inhibitions (TGI) cal-
culated for the groups treated with MWNTSs 3 at the
doses of 5 and 2.5 mg/kg HCPT equiv are 64.3 and
48.5%, respectively, on the 15th day (see Methods and
Experiments for the calculation method). In contrast,
the TGl obtained from the groups treated with HCPT in-
jection at doses of 5 and 2.5 mg/kg HCPT equiv are
32.4 and 18.1%, respectively, much lower than that of
the group treated with MWNTSs 3. In addition, it is also
found that MWNTs 2 have negligible inhibition effect.
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Figure 10. (a) In vivo antitumor effect obtained from each
treated group, expressed as the average values of the rela-
tive tumor volume v/v, (where v denotes the tumor volume
at test time points and v, denotes the corresponding initial
tumor volume at the beginning of treatment). *P < 0.05
(versus HCPT injection group at the equivalent dose from
the 5th day). (b) Typical photographs of excised sarcomas
from mice on the 16th day after treatments with MWNTSs 3
(5 mg/kg equiv), HCPT injection (5 mg/kg equiv), and saline.
(c) Evolution of body weight of each group during the ex-
periments. Data in a and c are presented as mean + SD

(n = 8).

The distinct inhibition effects can also be illustrated by
the intuitive evidence from the representative photo-
graphs of excised sarcomas (Figure 10b). Over the
course of the study, the weights (Figure 10c) and clini-
cal situations of all the tested groups were scrutinized,
which did not appear to be influenced by the treat-
ments of either the two formulations of HCPT or the
plain MWNTs when compared to the saline-treated
group, indicating the well-tolerated dose levels of drug
and the negligible toxicity of MWNTs imposed on the
experimental mice.

To evaluate the necrosis level in the tumors from
the groups treated with MWNTSs 3 (5 mg/kg equiv),
HCPT injection (5 mg/kg equiv), MWNTSs 2, and saline,
the tumors were resected from the mice of the experi-
mental groups after the 15 day treatments, and tumor
slices stained by hematoxylin and eosin (H&E) were
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analyzed via optical microscopy. MWNTs 3 HCPT injection MWNTSs 2 Saline
Qualitatively, necrotic rate in the ; B '
MWNTSs 3-treated tumor is explicitly
highest among all of the tested
groups. As shown by Figure 11, the
large-area necrotic region can be ob-
served in the MWNTSs 3-treated tumor.
In contrast, the HCPT injection-treated
tumors display a much lower necrotic
level with a large amount of living
cells existing, and the approximate
level can be seen in either MWNTSs 2
or saline-treated tumors. These re- ‘ 3
sults confirmed the superior treat- »‘:_ i o N

. b4 :

ment efficiency ?f MW.NTS 3. Figure 11. H&E stained tumor slices from mice on the 16th day after treatments with MWNTs
The comparatively high accumula- 3 (5 mg/kg equiv), HCPT injection (5 mg/kg equiv), MWNTSs 2, and saline.

tion of MWNTSs 5 in some or-

gans, including liver, spleen,

lung, and kidney, urge us to fur-

ther consider the potential

pathological lesions induced by

our samples on such organs. His- Liver
tological analyses of the groups

treated with MWNTSs 3 (5 mg/kg

equiv), HCPT injection (5 mg/kg

equiv), MWNTs 2, and saline

MWNTS 3

o

HCPT injection

] PTi MWNTs2 Saline

were conducted at the comple- PR 2
tion of the 15 day tumor sup- Spleen ')".’?ﬁ__ i‘g"w
. - B :
pression study. As shown in Fig- v PRt
e R

ure 12, histological slices in liver,
spleen, lung, and kidney reveal
that all of the samples of MWNTs
2 and 3 and HCPT injection do
not cause any significant lesion
to the tested organs, though
some aggregates of CNTs can
be observed in the slices of liver
and spleen from the groups
treated with MWNTSs 2 and 3,
suggesting the low toxicity of
MWNT—HCPT even to the high
CNT-uptake organs at least in
short-term, which can rationally
be attributed to the relatively
rapid release of HCPT via the
cleavage of the ester linkage
with the aid of esterase in these
organs and subsequent rapid excretion of the disasso- ~ formulation. As mentioned above, the half-life of
ciated HCPT with respect to the slow excretion of CNT-  MWNTSs 5 in blood circulation is about 3.6 h versus
containing conjugates_2 This would reduce the organs’ 30 min of the blood circulation half-life of clinical

Ly
. }%f
s P
gas
{'J."/,T.’

ay after treat-
ments with MWNTSs 3 (5 mg/kg equiv), HCPT injection (5 mg/kg equiv), MWNTs 2, and saline. The ar-
rows point to the aggregates of CNTs in the slices of liver and spleen.

exposure to HCPT and thus explain reasonably the HCPT injection in mice reported previously.>* The

harmlessness of the MWNTSs 3 to the tested organs. prolonged blood circulation time of the drug is piv-
Combination of HCPT with CNTs can give great otal to improve its tumor accumulation and ultimate

impact to the pharmacokinetic profiles of the drug bioavailability.

as well as its cellular uptake efficiency, which should Apart from the well-documented ability of CNTs to

be the essential reasons for the superior antitumor  facilely penetrate the cell membrane,’ it has been dem-

effect of CNT-carried HCPT compared to its native onstrated by a very recent work that the intracellular
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SWNTs can be released out of the cell renewedly.*
This property may make it possible for the nanovehi-
cles to translocate all over the whole tumor tissue,
which has not been proved experimentally yet; none-
theless, it can be a possible source of the enhanced in
vivo antitumor performance of the conjugated drug. Be-
sides aforementioned factors, the multivalent presenta-
tion of HCPT molecules on a single nanotube should
also be contributive to the therapeutic efficacy of
MWNTs 3 that can be looked at as a concentrator of
HCPT.

CONCLUSIONS

A water-soluble conjugate of MWNT—HCPT was
synthesized by covalently linking HCPT to MWNTs
with a hydrophilic molecule of diaminotriethylene
glycol as the spacer between the two moieties fol-
lowing the derivation of HCPT with succinic anhy-
dride at the 10-hydroxy position, by which a cleav-
able ester linkage was introduced and a drug

METHODS AND EXPERIMENTS

General. Multiwalled carbon nanotubes (MWNTSs) were pur-
chased from Shenzhen Nanotech Port Co., Ltd. (Shenzhen,
China). 10-Hydroxycamptothecin (HCPT) was kindly provided by
Shanghai Institute of Materia Medica, Chinese Academy of Sci-
ences. Lyophilized clinical HCPT injection was purchased from
Shenzhen Main Luck Pharmaceuticals Inc. 2,2'-(Ethylenedioxy)-
diethylamine, di-tert-butyl dicarbonate, N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC X HCl), and
N-hydroxysuccinimide (NHS) were purchased from Aldrich. FBS
was obtained from Shanghai Luoshen Biotech Co., Ltd. (Shanghai,
China). SEM analyses were conducted on HITACHI S-4800 at an ac-
celerating voltage of 15 kV. UV—vis spectra were recorded on Shi-
madzu UV-2401 spectrophotometer. 'H and *C NMR spectra were
measured on a Bruker DRX 500 spectrometer. ESI-MS spectromet-
ric data were determined with a LCQ ESI-MS Therso Finnigan mass
spectrometer. XPS spectra were recorded on ESCALB MK-II, VG.
High-performance liquid chromatographic (HPLC) analyses were
performed on a Shimadzu LC-10AD (Shimadzu, Japan) HPLC sys-
tem equipped with a Shimadzu RF-530 fluorescence detector and
a Lichrospher C-18, 5 pm, 200 mm X 4.6 mm RP-HPLC analytical
column. SPECT imaging was conducted on a Philips Skylight
gamma camera. The radioactivity was measured by a Nal(T1)
scintillor.

Synthesis. The experimental details for the synthesis of d-HCPT
and all functionalized MWNTSs can be found in the Supporting
Information.

In Vitro Release of MWNTSs 3 in Buffer Solutions. MWNTSs 3 bearing
40 g of HCPT were dispersed in 0.5 mL of release medium
with a specific pH value. The resulting solution was dialyzed
against 20 mL of corresponding release medium in a 12 kDa
MWCO membrane (Sigma, USA) at 37 °C with gentle agitation
for 128 h. During this course, aliquots (1 mL) were taken from the
outer medium at predetermined time points, and then the same
volume of fresh medium was replenished immediately. The
parts taken out were acidified with 20 L of glacial acetic acid
and stored at —20 °C until analysis by HPLC. Two release media
including phosphate buffered saline (pH 7.4, 0.1 M) and acetate
buffered saline (pH 5.0, 0.1 M) were used to understand the pH
influence on the release profile. For the HPLC analyses of HCPT, a
mobile phase of methanol/deionized water (75/25, v/v, pH = 5,
adjusted with acetic acid) was used with a flow rate of 1.0 mL/
min and column temperature at 35 °C. An excitation wavelength
of 385 nm and an emission wavelength of 530 nm were ap-
plied for HCPT detection. The concentration of HCPT was deter-
&) VOL.3 = NO.9 = WU ET AL.

loading of 16% of the MWNT—HCPT conjugates
was obtained. The confocal microscopy, SPECT imag-
ing, and gamma scintillation counting analyses re-
vealed that the conjugates could be readily internal-
ized by cells in vitro and exhibited relatively long
blood circulation and high tumor accumulation in
vivo. The in vivo tumor inhibition experiments con-
firmed the superior antitumor effect of the conju-
gates in comparison to its native formulation (clini-
cal HCPT injection) and low toxicity to the living
mice. The superior antitumor effect of the conju-
gates is ascribable to the enhanced cellular uptake
efficiency, prolonged blood circulation, and HCPT-
concentrating action (multivalent presentation of
HCPT molecules on a single nanotube) of the conju-
gates. It is reasonable to say that this study pro-
vides an alternative practical and effective strategy
for conjugating antitumor drugs to CNTs with great
application potentials, which can be readily ex-
tended to other kinds of drugs or biomolecules.

mined based on the peak area at the retention time of ~2.7
min by reference to a calibration curve.

In Vitro Release of MWNTs 3 in Fetal Bovine Serum. Fifty microliters
of a saline solution of MWNTSs 3 (bearing 15 j.g of HCPT) was
added in 5 mL of FBS. The resulting solution was incubated at
37 °C with gentle agitation for 128 h. During this course, aliquots
(0.5 mL) were taken at predetermined time points. The parts
taken out were acidified with 10 L of glacial acetic acid and
stored at 4 °C for 1 h to re-form the lactone ring of HCPT. To pre-
cipitate proteins and extract HCPT, 990 pL of acetonitrile/metha-
nol (1/1, v/v, —20 °C) was added. Vortexed for 3 min and centtri-
fuged at 12 000 rpm for 10 min, the supernatant was transferred
to a glass vial and stored at —20 °C immediately until HPLC
analysis. The mobile phase for HPLC analyses was a mixture of ac-
etonitrile/aqueous buffer (40/60, v/v), in which the aqueous
buffer contained 75 mmol/L ammonium acetate, 5 mmol/L tri-
ethylamine, and 0.5% (v/v) acetic acid. The retention time of
HCPT was ~3.9 min. All of the other parameters were the same
as described in the previous paragraph. The concentration of
HCPT was determined based on the peak area by reference to a
calibration curve.

In Vitro Cytotoxicity of MWNTs 3. Cytotoxicity of MWNTSs 3 against
human gastric carcinoma cell line MKN-28 was studied in com-
parison with HCPT injection and plain MWNTs (MWNTs 2). The
cells were co-incubated with a series of doses of HCPT injection,
MWNTSs 3, or MWNTSs 2 at 37 °C for 48 h. Cell viability was tested
by WST-1 assay, and the results were expressed as the viable per-
centage of cells after various treatments relative to the control
cells without treatment.

Biodistribution Investigations of MWNTs 5. All animal experiments
were performed in compliance with guidelines set by the Ani-
mal Care Committee at Drum Tower Hospital. To establish the
experimental model of the tumor, H22 tumor cells (5—6 X 10°
cells per mouse) were inoculated subcutaneously into the arm-
pit of ICR mice (6—8 weeks, 22—26 g).

For the biodistribution experiments, 0.3 mL of a saline solu-
tion of #™Tc-labeled MWNT—HCPT conjugates (MWNTs 5) at
the dosage of 5 mg/kg HCPT equiv with 300 wCi of ®™Tc was in-
jected to the tail vein of H22 tumor-bearing mice on the sixth
day after inoculation. Three mice were used to perform SPECT
imaging on a Philips Skylight gamma camera under the anesthe-
tized condition.

For gamma scintillation counting, the mice administrated as
described in last paragraph were sacrificed at 1, 2, 4, 6, and 22 h
post injection with five mice for one time point. The blood of
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each mouse was collected from the ophthalmic artery, and sub-
sequently, the tissues including the heart, liver, spleen, lung, kid-
ney, stomach (emptied), intestine (emptied), brain, skin, muscle
(thigh), femur, and tumor were excised. After a rinse in deionized
water and removal of the exterior water with filter paper care-
fully, the tissues were put into preweighed vials and counted for
99MTc activity by a y-counter. An identical sample to that in-
jected was also counted at each time point as a reference to
eliminate the interference of the physical decay of radioactivity.
The distribution results were defined as the percentage of in-
jected dose per gram of wet tissues (% ID/g).

The blood circulation half-life (t;/,) was calculated on the ba-
sis of the first-order exponential decay fitting of
concentration—time data with the following equation:

C=Cyxe™

where C denotes the blood concentration; G, is the initial blood
concentration; t is the time after injection; and k is the elimina-
tion constant. Then, the blood circulation half-life was obtained
by typ = In 2/k.

In addition, the biodistribution of MWNTSs 5 in a tumor-free
rat was also studied primarily by SPECT imaging. In this experi-
ment, 0.5 mL of a saline solution of MWNTs 5 (about 1 mg) with
500 pCi of ®™Tc was injected to the tail vein of a tumor-free
rat. Three rats were used to perform SPECT imaging on a Philips
Skylight gamma camera under the anesthetized condition.

In Vivo Tumor Inhibition of MWNTSs 3. The tumor models were es-
tablished by inoculating subcutaneously H22 tumor cells (5—6
X 106 cells per mouse) into the armpit of ICR mice (6—8 weeks,
22—26 g) as mentioned above. When the tumor reached a mean
volume of ~300 mm?3 (6 days after inoculation), the mice were
randomly divided into six groups (eight per group) and then in-
jected via tail vein with 0.3 mL solution of different formulations
of HCPT (MWNTs 3 and lyophilized clinical HCPT injection) and
MWNTs 2 in saline and neat saline (0.3 mL, as negative control), re-
spectively. Both of the formulations of HCPT were injected at two
doses normalized to be 2.5 and 5 mg/kg HCPT equiv, respectively.
The injected MWNTSs 2 contain the same amount of nanotubes as
the higher dose of MWNTSs 3 (about 27 mg/kg). After the adminis-
tration, 15 day follow-up experiments were performed, in which tu-
mor sizes were measured by vernier calipers on an alternate day
and calculated as volume V = d? X D/2 (where d and D denote the
shortest and longest diameter of the tumor in mm, respectively),
and the weights and clinical situations of all the tested mice were
also scrutinized.

The tumor growth inhibition (TGI) was calculated by the fol-
lowing equation:

V of saline control group — V of tested group

TGl = .
V of saline control group

x 100%

where V is the average tumor volume.

Histology Study. On the 16th day after treatment, the tissues in-
cluding tumor, liver, spleen, lung, and kidney from the test
groups treated with MWNTs 3 (5 mg/kg equiv), HCPT injection
(5 mg/kg equiv), MWNTSs 2, and saline were dissected and fixed
in 10% neutral buffered formalin. The tissues were processed
routinely into paraffin, sectioned at a thickness of 4 pm, stained
with hematoxylin and eosin (H&E), and examined by optical
microscopy.

Statistical Analysis. Student’s t-test was used to determine the
difference of tumor inhibition between the groups treated with
MWNTSs 3 and HCPT injection at the equivalent dose of HCPT,
and P values less than 0.05 were considered statistically
significant.
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