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Organic  nanotubes  made  of synthetic  amphiphilic  molecules  are  novel  materials  that  form  by  self-
assembly.  In this  study,  organic  nanotubes  with  a carboxyl  group  (ONTs)  at  the  surface  were used  as
a carrier  for  the  anticancer  drug  doxorubicin,  which  has  a weak  amine  group.  The  IC50 values  of  ONT
for  cells  were  higher  than  that of conventional  liposomes,  suggesting  that  ONTs  are  safe.  The results
showed  that  the  drug  loading  of ONTs  was  susceptible  to the  effect  of ionic  strength  and  H+ concentra-
tion  in  the  medium,  and  drug  release  from  ONTs  was  promoted  at lower  pH,  which  is  favorable  for  the
ellular uptake
rug loading
olate modification
rug release
oxorubicin

release  of  drugs  in the  endosome  after  cellular  uptake.  ONTs  loaded  with  the  drug  were  internalized,
and  the  drug  was  released  quickly  in  the  cells,  as demonstrated  on transmission  electron  microscopy
images  of  ONTs and the detection  of a  0.05%  dose  of  ONT  chelating  gadolinium  in  the  cells.  Moreover,
ONT  could  be  modified  chemically  with  folate  by simply  mixing  with  a folate-conjugate  lipid.  Therefore,
these  novel,  biodegradable  organic  nanotubes  have  the  potential  to  be  used  as  drug  carriers  for  controlled
and targeting  drug  delivery.
. Introduction

Particle dosage forms have been receiving much attention as
rug delivery systems (DDS), because of features such as controlled
elease, absorption improvement, and drug targeting. A variety of
rug carriers, such as liposomes and polymer micelles, have been

nvestigated (Bangham et al., 1965; Yokoyama et al., 1991), and
heir efficiency depending on carriers is reported. Currently, non-
pherical carriers have received attention. Nonspereical particles
ere internalized in HeLa cells (Gratton et al., 2008). In this regard,
e focused on organic nanotubes as a novel drug carrier. Organic
anotubes have a cylindrical structure that self-assembles from
mphiphilic molecules in aqueous media. Organic nanotubes have
n inner diameter of 10–200 nm,  an outer diameter of 40–1000 nm,
nd a length of approximately 2 �m to several hundred �m.  Fur-
hermore, these dimensions are controllable by rationalizing the

olecular structure of the amphiphilic molecules (John et al., 2001;
amiya et al., 2005; Shimizu et al., 2005; Kogiso et al., 2007).
rganic nanotubes can entrap proteins, nucleic acids, viruses, and
etal nanoparticles, which cannot be achieved using cyclodex-
rin because organic nanotubes have at least a 10-fold larger inner
iameter providing much greater space for the encapsulation of
assenger molecules than cyclodextrin. Similar to cyclodextrin,

∗ Corresponding author. Tel.: +81 3 5498 5048; fax: +81 3 5498 5048.
E-mail address: yoshie@hoshi.ac.jp (Y. Maitani).
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© 2011 Elsevier B.V. All rights reserved.

organic nanotubes are expected to be applied for use in the medical
and food fields (Yang et al., 2004a,b; Yui et al., 2005; Shimizu, 2006,
2008a; Kameta et al., 2005, 2007, 2008).

Organic nanotubes were first discovered to self-assemble from
amphiphilic molecules in the pioneering work of Yager and
Schoen (1983),  Kunitake’s (Nakashima et al., 1984), and Hirayama’s
(Yamada et al., 1984) research groups, among others, using
diacetylenic phospholipids and glutamate derivatives. However,
applications for these organic nanotubes have not been stud-
ied because the efficient mass production of these molecules has
never been achieved. Interestingly, after the self-assembly of newly
designed molecules in alcoholic solvents, such as ethanol, we found
that evaporation of the solvent left tubular material in quantities
more than 1000-fold greater than those when using the same vol-
ume  of water (Shimizu, 2008b; Asakawa et al., 2009). Thus, 100 g of
organic nanotubes can be readily produced in a laboratory and 10 kg
in a factory. As a result, the stable supply of organic nanotubes has
become possible, and the searches for applications in many fields
have begun in earnest.

This is the first report to examine potential drug delivery appli-
cation of the organic nanotubes with a carboxyl group (ONTs) at
the surface. In this study, the anticancer drug doxorubicin (DXR)
was selected for loading into ONTs. DXR has a weak amine group

and has been reported to be entrapped into many particle carri-
ers such as polymer micelles, liposomes, and carbon nanotubes
(Yokoyama et al., 1991; Cabanes et al., 1998; Liu et al., 2007).
Information on ONT loading with DXR will help to compare these

dx.doi.org/10.1016/j.ijpharm.2011.04.038
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:yoshie@hoshi.ac.jp
dx.doi.org/10.1016/j.ijpharm.2011.04.038
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ifferent carriers. Loading of DXR into ONT and the release of DXR
rom ONT were controlled by varying the pH and ionic strength
n the medium. ONT loaded with the drug was taken up by non-
hagocytic mouse colon adenocarcinoma 26 cell line (C26) cells,
nd the drug was released quickly in the cells. Furthermore, ONTs
ere functionalized by associating with a folate-conjugated lipid
on-covalently.

. Materials and methods

.1. Materials

ONTs were prepared at the Nanotube Research Center (NTRC),
ational Institute of Advanced Industrial Science and Technol-
gy (AIST) (Tsukuba, Japan). ONT1 and ONT2 are easily formed
y the evaporating methanol solutions of compounds 1 and
, respectively (Fig. 1) (Kogiso et al., 2010a).  Gd3+-complexed
NT1 (Gd-ONT1), which contained 12.6 wt% of gadolinium(III)

ons, was also formed from GdCl3 and compound 1 as described
reviously (Kogiso et al., 2010b).  Methoxy-poly(ethyleneglycol)-
istearylphosphatidylethanolamine (PEG2000-DSPE, PEG mean
olecular weight, 2000) and amino-PEG2000-DSPE were purchased

rom NOF Corporation (Tokyo, Japan). DXR hydrochloride was pur-
hased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).
olate-PEG2000-DSPE conjugate of folic acid (F-PEG-DSPE) was syn-
hesized from amino-PEG-DSPE as reported previously (Gabizon
t al., 1999). RPMI-1640 medium, folate-deficient RPMI-1640
edium, and fetal bovine serum (FBS) were obtained from Invit-

ogen Corp. (Carlsbad, CA, USA). Other reagents used in this study
ere of reagent grade.

.2. Cell culture

Mouse colon adenocarcinoma 26 cell line (C26) and a human
asopharyngeal cancer cell line (KB) were obtained from the
ell Resource Center for Biomedical Research, Tohoku University
Miyagi, Japan). The cells were cultured in RPMI-1640 medium
r folate-deficient RPMI-1640 medium containing 10% heat-
nactivated FBS and 100 �g/mL kanamycin sulfate in a humidified
tmosphere containing 5% CO2 at 37 ◦C.

.3. Preparation of ONTs loaded with DXR

.3.1. DXR loading into ONTs
To prepare ONTs loaded with DXR (DXR/ONT), ground ONT

∼2 mg,  a length of approximately 2 �m)  and DXR aqueous solu-
ions (1 mg/mL, 100 �L) were mixed, then vortexed for 10 min, and
onicated. Then, 900 �L of deionized and filtered water (water),
BS (pH 7.4), or Mcllvaine buffer (pH 4, 6, or 8) was added to the
ixture of DXR and ONTs. To measure the entrapment efficiency of
XR into ONTs, the mixing weight ratio of ONTs and DXR and the
edium were changed. After mixing, DXR and ONT in the medium
ere centrifuged (20,400 × g, 20 ◦C, 30 min), the precipitate was
ashed with water (DXR/ONT), and the DXR concentration in the

upernatant was analyzed by HPLC (Barth and Conner, 1977). The
PLC system was composed of an LC-20AT pump (Shimadzu Co.),
IL-20A autoinjector (Shimadzu Co.), RF-10AXL fluorescence detec-
or (Shimadzu Co.), and YMC-PACK Pro C18 RS, 150 mm × 4.6 mm
.d. column (YMC Co. Ltd., Kyoto, Japan). The isocratic mobile phase

as 3:7 (v/v) acetonitrile:ammonium formate, adjusted to pH 4.0

ith formic acid, running at a flow rate of 1.0 mL/min. Daunoru-

icin was used as the internal standard (i.s.). Daunorubicin and
XR were detected by excitation and emission wavelengths of 485
nd 535 nm,  respectively. Then, the loading amount and loading
 Pharmaceutics 413 (2011) 271– 278

efficiency were calculated using the following equations:

Loading amount (�g/mg)

= added DXR (�g) − remained DXR in supernatant (�g)
ONT amount (�g)

Loading efficiency (%)

= added DXR (�g) − remained DXR in supernatant (�g)
added DXR (�g)

× 100

2.3.2. DXR/folate-modified ONT1
DXR/folate-modified ONT1 (DXR/F-ONT1) was  prepared by mix-

ing DXR/ONT1 at a weight ratio of 1:20 with PBS at pH 7.4. then,
a 0.25, 0.5, or 2.5 mol% of F-PEG-DSPE solution was added to
2 mg/mL  DXR/ONT1 suspended in water, which was then incu-
bated overnight and centrifuged at 20,400 × g for 30 min at 20 ◦C to
separate DXR/F-ONT1 and free F-PEG.-DSPE. To confirm folate mod-
ification, the DXR/F-ONT1 suspension was irradiated with UV light
at 253.7 nm for 1 h. After centrifugation at 20,400 × g for 30 min,
degraded folate (pterine-6-carboxylic acid) in the supernatant was
detected using a fluorescence spectrophotometer (Hitachi High-
Tech, Tokyo, Japan) with an excitation wavelength of 350 nm and
emission wavelength at 350–600 nm.  DXR/PEG-modified ONT1
(DXR/PEG-ONT1) was  also prepared by the same method using
PEG-DSPE instead of F-PEG-DSPE.

2.4. Drug release from ONT1

The release of DXR from DXR/ONT1 in a dialysis tube was mea-
sured using seamless cellulose tube membranes (Viskase Sales
Corp., IL, USA) with a molecular weight cutoff of 100,000. The ini-
tial concentration of DXR was  100 �g/mL. The sample volume in
the dialysis tube was 1 mL  and the sink volume was 100 mL  of PBS
at pH 7.4 or 5.5 with the same ionic strength, adjusted by the addi-
tion of sodium chloride or water at 37 ◦C (Johnston et al., 2006). The
DXR concentration was analyzed using HPLC as described in Sec-
tion 2.3.1. The release of DXR from ONT1 at pH 7.4 or pH 5.5 was
corrected by characterizing the release of free DXR as adsorption
of DXR using the dialysis membrane.

2.5. Cytotoxicity study

C26 or KB cells were prepared by plating 1 × 104 cells in a 96-
well culture Plate 1 day before the experiment. Cells were then
incubated with the ONTs, DXR, DXR/ONT1 and DXR/F-ONT1 diluted
in RPMI-1640 medium or folate-deficient RPMI-1640 medium
containing 10% heat-inactivated FBS for 48 h at 37 ◦C. Cytotoxic-
ity was determined using a WST-8 assay (Dojindo Laboratories,
Kumamoto, Japan). The number of viable cells was  then deter-
mined by absorbance measured at 450 nm using an automated
plate reader (BioRad, Hercules, CA, USA).

2.6. Flow cytometry analysis

ONT1 was  labeled with 1,1′-dioctadecyl-3,3,3′,3′-perchlorate
(DiI) to evaluate cellular uptake. An ethanolic solution of DiI
(0.1 mol% of ONT1) was  added to the ONT suspension in PBS
(pH 7.4), which was  incubated for 3 days and then centrifuged
20,400 × g at 20 ◦C for 30 min  (DiI-labeled ONT1). The resulting pre-
cipitate was  resuspended in culture medium. C26 and KB cells were

prepared by plating 1 × 106 cells/well in a 6-well culture Plate 1
day before assaying. Cells were incubated with DiI-labeled ONT1 or
DXR/F-ONT1 at less than 200 �g/mL ONT1 in RPMI-1640 medium
or folate-deficient RPMI-1640 medium, respectively, containing
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cells and C26 cells were 200 and 171.1 �g/mL, respectively. These
values are higher than that for conventional liposomes (Kajiwara
et al., 2007), suggesting that ONT1 is safe to use.
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ig. 1. Chemical structures of compound 1, compound 2, and doxorubicin (DXR). C
 consists of glycylglycine and myristic acid, and compound 2 consists of glycylglyc

0% heat-inactivated FBS for 1 or 24 h at 37 ◦C. After incubation, the
ells were washed with cold PBS two times, detached with 0.05%
rypsin or EDTA, respectively, and then suspended in PBS contain-
ng 0.1% bovine serum albumin and 1 mM EDTA. The suspended
ells were directly introduced into a FACSCalibur flow cytome-
er (Becton Dickinson, San Jose, CA, USA) equipped with a 488 nm
rgon ion laser. Data for 10,000 fluorescent events were obtained
y recording forward scatter and side scatter with 530/30 nm
uorescence. The autofluorescence of cells was  taken as a con-
rol.

.7. Confocal microscopy

After incubation with DiI-labeled ONT1 for 1 or 24 h as described
bove, the medium was removed, and the cells were washed three
imes with PBS and fixed with 10% formaldehyde in PBS at 37 ◦C for
0 min. Then, the cells were coated with Aqua Poly/Mount (Poly-
cience, Warrington, PA, USA) to prevent fading and covered with
overslips. The fixed cells were observed using a LSM5 EXCITER con-
ocal laser scanning microscope (Carl Zeiss, Thornwood, NY, USA).
or DiI, maximal excitation was performed using a 543-nm internal
e-Neon laser, and fluorescence emission at 565 nm was observed
ith a LP560. Nucleic acids were stained using SYTOX Green (Invit-

ogen Corp. Carlsbad, CA, USA), and images were obtained using
xcitation with an argon laser at 488 nm and fluorescence emission
t 523 nm with a filter, BP505-530.

.8. Determination of cellar uptake of a Gd-ONT1

C26 cells were prepared as a confluent layer in a 10-cm diameter
ulture plate for the assay. Cells were incubated with 200 �g/mL
f Gd-ONT1 in 5 mL  of RPMI-1640 medium containing 10% heat-
nactivated FBS for 3 h at 37 ◦C. After incubation, the cells were

ashed two times with PBS at pH 7.4 and lysed with 1 mL  of PBS
ontaining 0.2% Triton X-100 per dish. Associated amounts of Gd in
he lysed cells were measured using an inductively coupled plasma
ICP) assay using an SPS7800 apparatus (SII NanoTechnology Inc.,
okyo, Japan). The amount of cellular uptake was  calculated using
he following equation:

ose (%) = cellular uptake of Gd-ONT1 (mg)
applied Gd-ONT1 (mg)

× 100

.9. TEM observation

C26 or KB cells were prepared at 70% confluency on Aclar film

NISSIN EM, Tokyo) 1 day before the experiment. Cells were then
ncubated with 10 �g/mL ONT1 or F-ONT1 diluted in RPMI-1640

edium or folate-deficient RPMI-1640 medium, respectively con-
aining 10% heat-inactivated FBS for 1 and 24 h at 37 ◦C. After
und 1 forms organic nanotube 1 (ONT1) and compound 2 forms ONT2. Compound
d hexadecylamine.

incubation, the cells were washed three times with PBS at pH 7.4
and fixed with 2% glutaraldehyde in PBS (pH 7.4) for 2 h at 4 ◦C. After
washing, the cells were postfixed with 1% osmium tetroxide in PBS
(pH 7.4) for 2 h at 4 ◦C, and washed again with the same buffer.
The fixed specimens were stained with 1% uranyl acetate for 1 h
at 4 ◦C, dehydrated with a graded ethanol series, and embedded in
the Quetol 812 mixture (NISSIN EM,  Tokyo). Ultrathin sections were
stained with 4% uranyl acetate and 0.4% lead citrate and observed
using a JEM-1200EXS (JEOL Ltd., Tokyo) at 80 kV.

2.10. Statistical analysis

The results are expressed as the mean ± S.D. Statistical compar-
isons were performed using Student’s t-test. P values less than 0.05
were considered significant.

3. Results

3.1. Characterization of ONTs

ONT1 had an inner diameter of 30–40 nm,  an outer diameter
of 70–90 nm,  and a gel-to-liquid crystalline phase transition tem-
perature of approximately 60 ◦C. ONT2 had similar characteristics
to ONT1. The cytotoxicity of ONT1 in C26 cells and KB cells was
examined. For both cell lines, death was induced at a concentration
above 200 �g/mL for ONT1, as shown in Fig. 2. The IC values for KB
ONT1 (µg/mL)

Fig. 2. Cytotoxicity of ONT1 in C26 cells or KB cells treated for 48 h. Each value
represents mean ± S.D. (n = 4).
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3.4.1. Confirmation of folate modification
To functionalize ONT1 for cellular uptake mediated by

folate receptors (FR), folate-modified ONT1 loaded with DXR
(DXR/F-ONT1) and PEGylated ONT1 loaded with DXR  (DXR/PEG-
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ig. 3. Loading amount and loading efficiency of DXR into ONTs at a DXR/ONT wei
H  7.4 (B). Each value represents mean ± S.D. (n = 3).

.2. DXR loading and release from ONT1

First, to examine the effect of pH on the loading of DXR into
NTs, Mcllvaine buffer at pH 4, 6, or 8 (ionic strength, 1.0) was
sed as a medium. DXR loading efficiency into ONT1 at a weight
atio of DXR/ONT of 1:20 increased from 2 to 15 �g DXR/mgONT1
hen the pH of the medium was increased from pH 4 to 8 (Fig. 3A).

he preparation of DXR/ONT1 using Mcllvaine buffer indicated
hat DXR loading efficiency increased depending on the increasing
H of the medium. Next, to examine the effect of ionic strength
n loading efficiency; water and pH 7.4 physiological buffer (PBS,
onic strength, 0.2) were used as the media. Loading efficiency with

ater at pH 6.5 was substantially higher than that with Mcllvaine
uffer at the corresponding pH. The loading efficiency with PBS at
H 7.4 was the highest (90%) among those media tested (Fig. 3A).
his finding indicated that lower ionic strength and higher pH
ncreased DXR loading. To examine the interaction of the carboxyl
roup of ONT1 with DXR, ONT2 with an amino group was used. In
ontrast, DXR in water was hardly loaded into ONT2.

Next, the effect of the weight ratio of DXR and ONT1 on
XR loading was examined (Fig. 3B). As the DXR:ONT1 ratio

ncreased, DXR loading increased to 480 �g/mg. A weight ratio
f DXR:ONT1 = 1:20 in PBS at pH 7.4 was selected as the drug
oading condition in the following experiment because of the ade-
uate loading efficiency (88%), the amount loaded (44.2 �g/mg),
nd the easy of handling. The DXR/ONT1 was confirmed to
etain nanotube structure using microscope because non-spherical
ize was not able to measure using dynamic light scattering
ethod.
DXR release from the DXR/ONT1 prepared as described above

as evaluated for 72 h in water or PBS at pH 7.4 and 5.5. DXR was
ot released from DXR/ONT1 in water (data not shown). The release
f DXR from ONT1 in PBS at pH 5.5 was promoted compared with
hat at pH 7.4 (Fig. 4).

.3. Cellular uptake of ONT1

To evaluate the cellular uptake of ONT1 itself, DiI-labeled
NT1 was incubated with C26 cells for 1 and 24 h. Intracellu-

ar fluorescence of DiI-labeled ONT1 increased significantly in a
ime-dependent manner, as detected by flow cytometry (Fig. 5A).
n addition, the cellular uptake of DXR/ONT1 was evaluated by

ytotoxicity at a concentration of ONT1 below its IC50. DXR/ONT1
xhibited cell death and apoptosis using a 48 h incubation period,
imilar to free DXR (Fig. 5B). The IC50 between DXR and DXR/ONT1
as not significantly different. Separately, it was confirmed that
tio of ∼0.05 in various buffers (A) and various ratios of DXR:ONT1 (w/w) in PBS at

drug release from DXR/ONT1 in the culture medium was  less than
20% (date not shown).

C26 cells incubated with DiI-labeled ONT1, as shown in Fig. 5A,
were also observed using confocal microscopy. Red fluorescence of
DiI-labeled ONT1 in the cytoplasm was  observed with an increas-
ing incubation time for 1–24 h (Fig. 6A and B). Furthermore, it
revealed that ONT1 had very high affinity to the cells because a
lot of ONT1 was  observed on the cellular surface when incubated
for 24 h (Fig. 6C).

Because there is the possibility that DXR released from ONT1
could penetrated into cells, the cellular uptake of Gd-ONT1 was
examined. Unlike DXR, conjugated Gd was  not released from
Gd-ONT1, and free Gd ions cannot penetrate into the cells. Gd  con-
centration in the cell lysis fraction after a 3-h incubation of the
Gd-ONT1 with C26 cells was determined. The 0.05% dose of Gd was
detected in the cells. Moreover, it was  confirmed by TEM that ONT1
and F-ONT1 were present in C26 cells (Fig. 7) and KB cells (data not
shown), respectively. As shown in Fig. 7B and C, ONT1 was  observed
in the cytoplasm near the cell membrane after a 24-h incubation,
compared with control, untreated C26 cells (Fig. 7A). From these,
the finding indicated that ONT1 was  taken up to the cells.

3.4. ONT1 functionalized with folate
0 20 40 60 80
Time (h)

Fig. 4. DXR release from DXR/ONT1 in PBS at pH 5.5 and pH 7.4. Each value repre-
sents mean ± S.D. (n = 3).
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ig. 5. Evaluation of cellular uptake of ONT1. Cellular uptake of DiI-labeled ONT1
ytotoxicity of free DXR and DXR/ONT1 in C26 cells incubated for 48 h (n = 4) (B). Ea

NT1) as a control were prepared. The folate modification was
onfirmed using fluorescence detection of pterine-6-carboxylic
cid, which is a degradation product of folate after UV irradia-
ion (Akhtar et al., 1999; Hirakawa et al., 2003). As a result of UV
rradiation, the fluorescence intensity of DXR/F-ONT1 at 273.5 nm
ncreased depending on the folate modification of ONT1 while no
uorescence of DXR/PEG-ONT1 was detected (Fig. S1).  This finding

ndicated that ONT1 was modified by folate, depending on addition
mount of F-PEG-DSPE.
.4.2. Cellular uptake of F-ONT1
The cellular uptake of DXR/F-ONT1 was investigated by incuba-

ion with FR overexpressed in KB cells. DXR/F-ONT1 was modified

ig. 6. Cellular uptake of DiI-labeled ONT1 into C26 cells incubated for 1 h (A) or 24 h (B). R
NT1s (arrowhead) were observed at the surface of C26 cells incubated with DiI-labeled 
C26 cells incubated for 1 or 24 h assessed by flow cytometry analysis (n = 3) (A).
lue represents mean ± S.D.

with various F-PEG-DSPE concentrations (0.25, 0.5, or 2.5 mol%
of ONT1), and cellular uptake of DXR/F-ONT1 was evaluated by
flow cytometry after 3 h exposure to KB cells. Using a competi-
tion assay with free folic acid, the cellular fluorescence intensity
of DXR/F-ONT1 modified with 0.5 or 2.5 mol% folate decreased sig-
nificantly whereas that of DXR/PEG-ONT1 modified with 2.5 mol%
PEG-DSPE was not (Fig. 8A). To assess the cellular uptake, the
cytotoxicity of DXR/ONT1 modified with 0.25 mol% folate to KB
cells was evaluated. The IC50 values of DXR/F-ONT1 (0.074 �M)

were similar to that of DXR/ONT1 (0.043 �M)  and slightly higher
than that of free DXR (0.028 �M)  (Fig. 8B). This finding suggested
that cellular uptake of DXR/F-ONT1 and DXR/ONT1 was similarly
fast.

ed fluorescence indicates DiI and green is a nucleus stained by SYTOX Green. Many
ONT1 for 24 h (C).
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. Discussion

This study showed that at higher pH and a lower ionic strength
f the medium, high loading efficiency of DXR into ONT1 and low
elease of DXR from ONT1 were obtained where the carboxyl group
f ONT1 was highly dissociated. Cellular uptake of the DiI-labeled
NT1 into C26 cells was observed by flow cytometry analysis
nd confocal microscopy. It was also confirmed that Gd-ONT1was
etected in the cells and many ONT1s were observed in the endo-
omes by TEM.

In order to apply ONTs as a drug carrier, their cytotoxicity is
f key importance. The cytotoxicity of ONTs in C26 cells and KB
ells (IC50 200 and 171.1 �g/mL, respectively) was very low com-
ared with a conventional liposome IC50 (8.6 �g/mL) (Kajiwara
t al., 2007). Furthermore, it is expected that ONT1 is biodegradable
ecause it is made from edible materials. Thus, ONTs have suitable

roperties for use as drug carriers.

Drug loading ability and cellular uptake of ONTs were examined
sing DXR as a model drug because it exhibits autofluorescence

A

40

45

50

55

60

0.25 0.5 2.5 2.5 PEG

M
ea

n 
in

te
ns

ity
of

 D
X

R
/O

N
T1

 Foli c acid
+ Foli c acid

F-PE G (mo l%) of F-ONT1 

* 
* 

*p <0.01 

2.5 
 

PEG-ONT1 

ig. 8. Evaluation of cellular uptake of ONT1 modified with folate. Cellular uptake of DX
ytometry analysis (n = 3) (A). Cytotoxicity of free DXR, DXR/ONT1, and DXR/F-ONT1 m
epresents mean ± S.D.
ncubated with ONT1 for 24 h (B) and a high magnification image of the surrounding
) and 500 nm (C).

and apoptosis inducing activity. ONTs have a nanoscale cylindri-
cal structure; therefore, DXR/ONT was  prepared by simply mixing
ONT powder with DXR solution by capillary phenomenon. When
DXR/ONT was prepared in Mcllvaine buffer, the amount of DXR
loaded was  pH dependent. Higher drug loading efficiency was
obtained in PBS at pH 7.4 and lower ionic strength. This result indi-
cated that drug loading into ONT1 was susceptible to the effect
of ionic strength and H+ concentration. The functional group is
exposed on the ONT surface, which was supported both by FT-IR
spectrum of ONT and by the adsorption of surface-modified gold
nanoparticles onto ONT (Kogiso et al., 2010a).  ONT1 with a carboxyl
group and ONT2 with amino group on their surfaces induced higher
and lower levels of DXR loading, respectively. It was  supposed that
the carboxyl group of ONT1 may  interact electrostatically with the
amino group of DXR at higher pH where the carboxyl group of
ONT1 was highly dissociated. This interaction was decreased in a

medium containing electrolytes by electric shielding; therefore, a
lower ionic strength of the medium is favorable for preparation of
DXR/ONT1.
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The number of carboxylic group per ONT1 is about 2,760,000
stimated using an inner diameter of 50 nm, outer diameter of
0 nm,  and length of 2 �m.  If the carboxylic group of ONT1 interacts

n a 1:1 ratio with an amino group of DXR, 274 �g of DXR will be
oaded theoretically into 1 mg  of ONT1. In this study, the maximum
mount of drug loading was 480 �g DXR/mg ONT1 in a preparation
ith a 1:2 weight ratio of DXR to ONT1. The DXR loading value was
igher compared with that of liposomes (Gokhale et al., 1996). This
nding suggested that DXR may  insert into each layer.

The release of DXR from ONT1 in PBS at lower pH was higher
han that in water. This may  be due to a reduction in the electro-
tatic interaction between DXR and ONT1 because dissociation of
he carboxyl group of ONT1 at lower pH and in the presence of
lectrolytes was reduced. Endosomes are known to function with

 typical internal pH value of 5.5 (Wattiaux et al., 2000; Medina-
auwe et al., 2005), and it was suggested that when DXR/ONT1 was

aken up via the endocytotic pathway, the drug should be released
uickly from the endosome and will be able to exert its activity.
herefore, drug release from ONT1 at lower pH could be exploited
or drug delivery applications for tumor targeting.

Cellular uptake of ONT was evaluated as the cytotoxicity of
he loaded DXR activity, which induces apoptosis by intercalation
o DNA. The cytotoxic effect of DXR/ONT1 in C26 cells was sim-
lar to free DXR. Cellular uptake of DXR/ONT1 and intracellular
rug release may  occur as rapidly as for free DXR, and/or ONT1
ight promote DXR uptake via a specific interaction with the cells.

low cytometry analysis and confocal microscopy showed time-
ependent cellular uptake of the DiI-labeled ONT1 into C26 cells. Gd
as detected at a 0.05 dose % in C26 cells incubated with Gd-ONT1

or 24 h. In addition, many ONT1 s were observed in the endosomes
y TEM. Although the cellular uptake mechanisms of ONT1 are not
lear at present, these results suggest that ONT1 may  have high
ffinity for these cells, and may  play an important role in the cellular
ptake of the ONT1.

To provide a further possibility for use as a drug carrier, the
ctive targeting ability of ONT1 modified with a target ligand was
valuated. In this study, we focused on cellular uptake via FR. It
s known that FR is overexpressed in many human cancer cells,
ncluding malignancies of the ovary, mammary gland, kidney, lung,
nd throat, but is expressed minimally in normal tissues (Kelemen,
006). Therefore, FR is a good target for selective cancer therapy
s a tumor-specific receptor. FR� has a high affinity for folic acid
Kd ∼ 0.1 nM;  Kamen and Caston, 1986), and its conjugate retains
ts receptor binding and endocytosis properties in FR positive can-
er cells (Leamon and Low, 1991; Anderson et al., 1992; Lu and Low,
002). We  prepared DXR/folate-modified ONT1, DXR/F-ONT1, and
valuated its cellular uptake via FR in KB cells. The cytotoxicity of
XR/F-ONT1 was not significantly different with that of DXR/ONT1.
orresponding to an increase of the modification amount of folate, a
ompetition assay demonstrated that the cellular uptake of DXR/F-
NT1 decreased although the total uptake amount did not increase.

t was supposed that cellular pathway through FR for DXR/F-ONT1
ptake and other pathways such as specific for ONT may  exist.
herefore, with the addition of free folic acid, increased cellular
ptake via FR was not detected, and only inhibition of FR-mediated
ndocytosis was observed. ONT1 is expected to be an excellent
ctive targeting carrier if folate modification of ONT makes it pos-
ible to increase cellular uptake via FR above that for ONT-specific
ptake.

. Conclusions
In this study, we examined the potential of ONT as a drug carrier
nd demonstrated the following findings; ONT1 can load 480 �g
XR/mg ONT and release the drug rapidly in an acidic environment.
 Pharmaceutics 413 (2011) 271– 278 277

DXR/ONT1 was taken up by cells and the drug was released quickly
into the cells. Moreover, ONT1 was  able to be modified by simply
mixing with a folate lipid, which was  then taken up through FR.
Therefore, these novel, biodegradable organic nanotubes have the
potential to be used as drug carriers for controlled and targeted
drug delivery. This is the first report on the application of ONTs as
drug carriers; however, further in vitro evaluation of interactions
with cells must be investigated before this approach can be applied
in vivo.
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