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Carbon-Nanotube-Based Stimuli-Responsive Controlled-Release System
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Abstract: A stimuli-responsive con-
trolled-release delivery system based
on carbon nanotubes is demonstrated.
Through TEM, FTIR spectroscopic,
and thermogravimetric analysis, func-
tional groups have been successfully at-
tached to the open ends of the tubes,
thereby enabling functionalized silica
spheres to preferentially attach to the
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sulated materials within the tubes is il-
lustrated by fluorescein-filled carbon
nanotubes. The discharge process can
be triggered by exposure to 1,4-dithio-
threitol (DTT) or at elevated tempera-
ture. Moreover, both triggering sys-
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tems, DTT and temperature, provide
rate of release control through in-
creased DTT concentration or temper-
ature choice, respectively. This delivery
system paves the way for the develop-
ment of a new generation of site-selec-
tive, controlled-release, drug-delivery
systems, and interactive nanosensor de-
vices.

ends. This, in essence, plugs the ends of

. sponse
the tube. Controlling release of encap-

Introduction

There is tremendous interest in the use of nanomaterials to
deliver biologically active cargo such as drugs and DNA to
specific sites in living systems for disease diagnosis and ther-
apeutic treatment.!!. Among the potential candidates, carbon
nanotubes (CNTs) rank highly due to their unique physical,
chemical, and physiological properties. CNTs have very in-
teresting physicochemical properties such as ordered struc-
ture with high aspect ratio, ultralight weight, high mechani-
cal strength, high electrical conductivity, high thermal con-
ductivity, and high surface area. The combination of these
characteristics makes CNTs a unique material with the po-
tential for diverse applications, including biomedical.”
There is an increasing interest in exploring all of these prop-
erties that CNTs possess for applications that range from
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sensors for the detection of genetic or other molecular ab-
normalities, to substrates for the growth of cells for tissue
regeneration. CNTs have also been proposed and actively
explored as multipurpose innovative carriers for drug deliv-
ery and diagnostic applications. Their versatile physicochem-
ical features enable the covalent and noncovalent introduc-
tion of several pharmaceutically relevant entities and allow
for the rational design of novel candidate nanoscale con-
structs for drug development. CNTs can be functionalized
with different functional groups to carry simultaneously sev-
eral moieties for targeting, imaging, and therapy.l’! Very re-
cently, carbon nanotubes have been shown to cross cell
membranes easily and to deliver peptides, proteins, and nu-
cleic acids into cells.! These innovative carriers present a
lower toxicity, a fact that boosts their potential for biomedi-
cal applications.”! Moderate biological effects have been
achieved in these studies, but more importantly, they have
proven the principle that CNTs can offer advantages in
terms of their pharmacological utilization.

Clinical applications of CNTs also offer a great number of
opportunities provided we are able to take advantage of the
characteristics nanotubes offer. To date, two in vivo studies
have demonstrated the potential of CNTs to help improve
the characteristics of known therapeutics.” In addition, the
intrinsic stability and structural flexibility of CNTs may pro-
long the circulation time.!! However, the release of an en-
capsulated cargo in many current delivery systems is dis-
persed immediately upon exposure to a water-based envi-
ronment.”! Hence, a controlled-release system to deliver the
cargo is highly needed. In the last few years, several con-
trolled-release systems have been developed. For example,
CdS and Fe;O, nanoparticles have been used as the capping
agent to control the opening/closing of the pore entrance of
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mesostructured materials.® A photo-controlled release
system based on coumarin-functionalized mesoporous mate-
rials has also been demonstrated.””’ Polyamines anchored on
the pore outlets of mesoporous materials that serve as a
dual pH- and anion-driven gatelike ensemble have also
been shown.'”! A series of supermolecular nanovalves that
use redox,!! pH, ! competitive binding,"*¥ light,!'>* and
enzymes!" as actuators constitutes another approach.

In this article, to advance the field of CNTs and as proof-
of-concept, we present an attractive, controllable gatelike
approach in which silica nanospheres seal the tips of open-
ended multiwalled carbon nanotubes that have been filled
with dye guest molecules (fluorescein). The CNTs can be re-
opened by removing the silica spheres by means of different
external stimuli.

Results and Discussion

The efficiency of the developed methodology was assessed
by encapsulating and sealing fluorescein molecules in the
carbon nanotubes (CNTs). The encapsulated fluorescein
was released from the tubes in a controlled manner by
cleaving the chemical bond between the silica nanosphere
and CNT. This can be achieved by the addition of disulfide
reducing agents (e.g., dithiothreitol (DTT)) or thermal treat-
ment. The preparation process for the sealed filled CNT is
depicted in Scheme 1. Initially, the CNTs are opened using a
'O

8
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CNT-S-S-Py  filled CNT

Controlled
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Scheme 1. Schematic of the synthesis steps for a stimuli-responsive
system based on carbon nanotubes capped with functionalized silica
nanospheres and their controlled release.

heat/oxidation process, which forms carboxyl groups at the
open ends of the tubes (CNT-COOH). In the next step, S-
(2-aminoethylthio)-2-thiopyridine reacts with the CNT-
COOH to form thiopyridine-functionalized CNT ends
(CNT-S-S-Py). The filling (fluorescein) is then placed into
the cores of the tubes, and then the nanotubes are sealed by
the addition of thiol-silica nanospheres (Figure S3 in the
Supporting Information). The spheres selectively conjugate
to the CNT ends by means of a thiol coupling reaction
(CNT-S-S-Si0O,), essentially a capping mechanism. The
sealed CNTs can be reopened by cleaving the disulfide bond
(-S—S-) and exposure to disulfide reducing agents (e.g.,
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DTT). Alternatively, they can be reopened by heating. Once
opened, the contents are released. In other words, controlled
cap ejection governs the release of the contents within the
CNTs.

Figure 1 shows the FTIR spectra of CNT-COOH (spec-
trum A), CNT-S-S-Py (spectrum B), and CNT-S-S-SiO,
(spectrum C). In the FTIR spectrum of multiwalled carbon
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Figure 1. FTIR spectra of A) carboxylic acid-modified CNTs (CNT-

COOH), B) CNTs with thiol functionality (CNT-S-S-Py, C) and the silica
sphere conjugates with CNTs (CNT-S-S-SiO,).

nanotube (CNT)-COOH, the characteristic peak of the
—COOH functionality at 1735 and 3417 cm™' are present.
The band at 1460 cm™ is attributed to the C=O stretching
mode quinone group. The peaks at 800 and 1260 cm™' corre-
spond to C—O (from the ester), which is attached to the aro-
matic group. The peak at 1099 cm™ is related to sulfate
groups, and the bands at 2855 and 2923 cm ™' arise from the
stretching vibrations of -CH,- bonds. The peaks at 1647 and
1565 cm™! are ascribed to the carbon skeleton.® In the fin-
gerprint region, the peak seen at 620 cm™' can indicate a
bending vibration of CH bonding. These peaks verify that
the CNTs have been successfully functionalized with carbox-
ylic acid groups (—COOH). S-(2-Aminoethylthio)-2-thiopyr-
idine was then treated with CNT-COOH (catalyzed by eth-
ylene dichloride (EDC)) to form CNT-S-S-Py, as shown in
Scheme 1. In the FTIR spectrum of CNT-S-S-Py, the charac-
teristic peak of acylamide at 1650 cm™' intensifies, and the
new characteristic peaks at 1451, 1548, and the newly ap-
peared peak at 1020 cm™ associated with pyridine rings are
visible. This indicates that the amidation reaction of —NH,
(S-(2-aminoethylthio)-2-thiopyridine) with —COOH (CNT)
group has occurred, and that thiol-reactive functionalities
are anchored onto the CNTs (Figure S2 in the Supporting
Information). Other peaks of CNT-S-S-Py are almost same
as CNT-COOH. In the FTIR spectrum of fluorescein-filled
CNT-S-S-Si0O,, new strong peaks at around 1100, 800, and
474 cm™" appeared, which correspond to the Si-O-Si bond;
these peaks come from thiol-group-functionalized silica
spheres. This confirms that the silica spheres are chemically
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bound to the CNTs. The graph of the second derivative of
FTIR transmittance spectra of the samples is also shown in
Figure S11 in the Supporting Information.

Figure 2A displays a TEM image of a CNT after the pu-
rification/opening treatment. Here one can see that CNT
has been opened upon heat treatment in air at 400°C. Sys-

Figure 2. TEM images of A) open-ended CNT, B) CNT encapsulating flu-
orescein, C) thiol-silica nanospheres, D) CNT capped with a silica sphere,
E) CNT capped with a large silica sphere, and F) CNT capped with a
small cluster of silica spheres.

tematic microscopic analysis of the sample proved the suc-
cessful opening of the tubes in the bulk sample. This was
also confirmed by BET specific area measurements of raw
and purified/opened CNT, which increased from 117 to
143 m*g™", respectively. The outer diameter of the CNTs
ranges between 9 and 25 nm (mean diameter of 15 nm). The
length of the oxidized CNT is smaller than 500 nm. Fig-
ure 2B shows a TEM image of a CNT with encapsulated flu-
orescein (as indicated by arrows); if there is no fluorescein,
the inside of the CNT should be clear. Similar TEM images
are also shown in Figure S3 in the Supporting Information.
In the CNT, black dots have been detected. They could be
attributed to the presence of fluorescein. These data show
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that fluorescein has been successfully stored in the CNT.
The functionalized silica nanospheres (SiO,—SH), as depict-
ed in Figure 1C, have a diameter range between 5 and
30 nm (mean diameter 15 nm). The FTIR spectra of SiO,
and SiO,—SH are depicted in Figure S4 in the Supporting In-
formation; these demonstrate that thiol groups have been
successfully functionalized on the surface of silica spheres.
TEM studies of the tubes after the sealing process show a
variety of sealed tubes in which a single sphere seals a tube
end (Figure 2D and E) or in which a cluster of 2—4 spheres
seals a tube as, for example, shown in Figure 2F and Fig-
ure S5 in the Supporting Information in detail (CNT-S-S-
SiO,). It is important to point out that the surface of the
CNT is very clear, thus indicating that fluorescein is stored
in the inner space of CNT but not on the surface (Fig-
ure S5).

The Raman spectra of fluorescein and the fluores-
cein@CNT-S-S-Si0, excited at 514nm are shown in
Figure 3. One can clearly see that the peaks corresponding

Intensity (arb.u.)

600 1200 1800 2400 3000
Wavenumber (cm”)

Figure 3. Raman spectra of fluorescein (in red) and fluorescein encapsu-
lated in the channel of CNT (fluoresecin@CNT-S-S-SiO,; in black).

to graphitic CNTs (D mode~1340cm™!', G mode
~1570cm™, and 2D mode~2670 cm ') dominate the
Raman response. However, the weak peaks ascribed to fluo-
rescein encapsulated in the carbon nanotube at 1196, 1337,
1461, 1533, 1612, 1651 cm ™! are still detectable. Additionally,
the BET total specific surface value calculated from the N,
adsorption—desorption of the samples was measured. Here,
the BET specific surface value of the oxidized CNTs (open
state) was 143.63 m’*g~'. After encapsulation with fluores-
cein and capping with silica spheres, the BET specific sur-
face value dropped to 83.37 m*g ', thereby indicating that
significant pore blocking has occurred. It is worth noting
that the BET area of the synthesized silica spheres was
200 m?g~!. Therefore, both TEM and N, adsorption—desorp-
tion confirm the successful opening of the carbon nanotubes
as well as their being filled and their ends being sealed or
capped.

Thermogravimetric analysis (TGA) measurements from
purified CNT, fluorescein, and fluorescein stored in CNTs
(fluoresecein@CNT) are presented in Figure 4. As shown in
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— DTT concentration can be used to tailor the release of en-
capsulated molecules.

80 We have also investigated the role of temperature. Four

- temperatures were studied: room temperature (299 K), 313,

g 80 333, and 353 K (Figure 5D, Figure S7 in the Supporting In-

-E, 40 formation). The data show no release at room temperature

g (similar to the previous study). However, a linear increase

20+ appears in the fluorescein dye signal with increasing temper-

5 ‘,i,’,ﬂ,resce?n ature, thereby confirming that elevated temperature triggers
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Figure 4. TGA graphs of fluorescein (in green), purified CNTs (in black),
and fluorescein@CNT-S-S-Py (in red).

Figure 4, fluorescein begins to decompose at 160°C in air,
and above 557°C it is almost completely decomposed (green
line). However, purified CNTs begin to decompose at
585°C in air, and when the temperature is further increased,
weight loss increases rapidly until all the CNTs are exhaust-
ed at about 700°C (black line). The sample of fluorese-
cein@CNT-S-S-Py exhibits TGA behavior similar to that of
the purified CNT under these experimental conditions. The
only difference is the temperature of starting decomposition.
Fluoresecein@CNT-S-S-Py begins to decompose at 240°C,
which comes from fluorescein. The temperature is little
higher than fluorescein and this is because of the protection
from CNT. For all of three samples, the change in TGA resi-
dues at 900°C is around 3.6 % (w/w), which may come from
iron oxide trapped in the CNT. The amount of fluorescein
loaded in the CNTs was estimated by TGA studies accord-
ing to the difference in the weight loss in Figure 4. The data
reveal a loading of around 40 wt % fluorescein in the CNTs.
Based on the above TGA data, for the sample of fluorese-
cein@CNT-S-S-Py, fluorescein is indeed trapped in the chan-
nels of CNT and not on the surface of the CNT, which is
consistent with TEM and BET results.

To investigate the effectiveness of the stimuli-responsive
release mechanism, UV/Vis absorption spectroscopy was
employed. In essence, the intensity fluorescein absorption
band at 491 nm (Figure 5A) was monitored with respect to
time. The sealed, fluorescein-filled CNTs were dispersed in
the phosphate buffered saline (PBS) solution, and in the
first study, 1x1072m DTT was added to the buffered, sealed,
filled CNTs at room temperature. Before adding the DTT,
no signal could be observed, but upon addition of the DTT,
the signal rose relatively rapidly over the first few minutes,
after which the signal stabilized. This clearly shows that the
release of the fluorescein dye is triggered by DTT. A further

Intensity (arb.u.)

Intensity (arb.u.)

release, the buffered solution turned green after release,
thereby providing visual evidence of the fluorescein dye
being discharged from the CNT (see Figure 5, right panels).
Most likely, the release of the functionalized silica spheres
from the CNTs tips occurs through the thermally stimulated
cleavage of the amide bonds (-NH—CO-). In the case of
DTT triggering the discharge, cleavage of the -S—S- bonds is
probable. We have also conducted TEM measurements of
the sample after DTT (1x107*m) and temperature-depend-
ant (80°C) release. The TEM images confirm that most of
silica spheres have been successfully removed from the ends
of CNTs after the release experiments. However, some fluo-
rescein adsorbs onto the outer surface of CNTs or is still en-
capsulated in the inner space of CNTs due to the interaction
between fluorescein and CNTs (Figures S8 and S9 in the
Supporting Information). We propose a model for fluores-
cein release from CNTs after silica-sphere removal. After
the fluorescein molecules are released from the tube, some
of them go into the solution (this is why the solution be-
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study investigated the dependence of the DTT concentra-
tion after exposure for 24 h; the results at room temperature
are presented in Figure S6 in the Supporting Information
and Figure 5C. The data imply that the stable release level
of the dye increases at higher DDT concentrations. The re-
lease level is probably related to the rate of release of the
silica spheres off the tube ends. Our data show that the

Figure 5. A) The typical UV/Vis absorption spectrum from fluorescein. B) Flu-
orescein release with respect to time from filled and capped CNTs in the pres-
ence of DTT at room temperature (DTT concentration: 1x107%m). C) UV/Vis
spectra of DTT-concentration-dependent release at room temperature. The
concentrations were measured after 24 h. D) UV/Vis spectra of temperature-
dependent release (5.0 mg of the sample dispersed in 10.0 mL of PBS solution
(pH 7.4)). The right panel images show typical examples of the buffered CNTs
before triggering release (upper) and after release (lower).
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comes green). In addition, some of the fluorescein adsorbs
to the outer surface of the CNTs (Figure S10 in the Support-
ing Information).

Conclusion

We have demonstrated a novel route to produce filled
CNTs and controlled discharge of the filling molecules,
namely, a stimuli-responsive delivery system. The loading
and release mechanism of the CNTs is based on the capping
and uncapping of the open CNT ends with silica nano-
spheres. The discharge process can be triggered by exposure
to DTT or at elevated temperature. Moreover, both trigger-
ing systems, DTT and temperature, provide rate of release
control through increased DTT concentration or tempera-
ture choice, respectively. Both triggering systems work by
cleaving the bond on the functional groups that attach the
silica spheres to the open ends of the CNT. This delivery
system paves the way for the development of a new genera-
tion of site-selective, controlled-release, drug-delivery sys-
tems, and interactive nanosensor devices. Future investiga-
tion will focus on the potential of the delivery systems for
anticancer drugs.

Experimental Section

Materials: 3-Mercaptopropyltrimethoxysilane (MPTMS), tetraethyl or-
thosilicate (TEOS), acetic acid, methanol, dithiothreitol (DTT), L-lysine,
fluorescein, 3-aminopropyltrimethoxysilane (APTS), 2-aminoethanethiol
hydrochloride, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydro-
chloride (EDC), aldrithiol-2, and octane were purchased from Aldrich
and used as received.

Synthesis of raw multiwalled carbon nanotubes (CNTs): The CNTs were
synthesized by using a chemical vapor deposition (CVD) technique de-
scribed in details elsewhere.'” A TEM image of the raw carbon nano-
tubes (before oxidation) is presented in Figure S1 in the Supporting In-
formation.

Synthesis of carboxylic acids at the end of carbon nanotubes (CNT-
COOH): The raw CNTs were first heated in air at 400°C for 3 h to open
the CNTs, and the treated CNTs were oxidized in a 4:1 mixture of con-
centrated H,SO,/H,0, (30% aqueous) and stirring at 70°C for 24 h to
produce oxygen-containing groups at both ends, of which some were car-
boxylic acids. Then, CNT-COOH was separated by several filtration and
washing steps, and the solid obtained was dried for 48 h at 100°C.

Synthesis of thiol-silica nanospheres: The silica nanospheres were synthe-
sized according to the method reported."® A certain amount of MPTMS
(1/10 of TEOS volume) was added to the above solution of silica spheres.
After stirring for a further 8 h, the silica nanospheres were centrifuged
and dried to obtain thiol-silica-functionalized nanospheres.

Synthesis of S-(2-aminoethylthio)-2-thiopyridine hydrochloride: Thiopyr-
idyl disulfide (Aldrithiol-2, 4.42 g, 20 mmol) was dissolved in methanol
(20 mL) and acetic acid (0.6 mL). 2-Aminoethylthiol hydrochloride
(1.14 g, 10.0 mmol) in methanol (9 mL) was added drop by drop to this
solution over a period of 30 min. The mixture was stirred for an addition-
al 48 h and then evaporated under high vacuum to obtain a yellow oil.
The product was washed with diethyl ether (50 mL) and dissolved in
methanol (10 mL), precipitated by addition of cold anhydrous diethyl
ether (300 mL), and collected by vacuum filtration.

Synthesis of CNTs with thiol functionality: CNT-COOH (100 mg) was
dispersed in phosphate buffered saline (PBS) solution (30 mL, pH 7.4)
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and sonicated for 30 min. 1-[3-(Dimethylamino)propyl]-3-ethylcarbodii-
mide hydrochloride (EDC) (1.725 g, 9.0 mmol) and S-(2-aminoethylthio)-
2-thiopyridine hydrochloride (2.0 g, 9.0 mmol) were added to the CNT-
COOH in PBS. The mixture was allowed to stir for 36 h followed by fil-
tration. The resulting functionalized CNTs were isolated and dried under
vacuum at 40°C.

Loading of fluorescein into the CNTs and conjugation of silica nano-
spheres onto CNTs by a thiol coupling reaction: The end-functionalized
CNTs (10 mg) were stirred vigorously in a concentrated solution of fluo-
rescein in the PBS solution (10.0 mL, 100.0 mm, pH 7.4) for 24 h, and
then the purified thiol-silica nanospheres (5 mg) were added to the above
suspension. The mixture was stirred for 24 h at room temperature, fol-
lowed by filtration and many washing cycles with acetone and ethanol to
remove unloaded fluorescein molecules and unreacted thiol-silica
spheres. The filled and sealed CNTs were isolated and dried under
vacuum for 10 h.

Characterization: The morphology and chemical composition of the sam-
ples were studied by high-resolution transmission electron microscopy
(HRTEM, Tecnai F30 from FEI). The specimens for the microscopic
studies were prepared on standard TEM copper grids. Resonance Raman
measurements were conducted using a Renishaw InVia Raman Micro-
scope spectrometer (excitation laser wavelength=>514 nm). UV/Vis ad-
sorption spectra were recorded at room temperature using an IR Nicole
6700 ThermoScientific UV/Vis spectrophotometer. Thermogravimetric
analysis was performed using a DTA-Q600 SDT thermogravimetric ana-
lyzer (air flow, heating ramp 5°Cmin~'; TA Instruments).
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