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Multiwalled carbon nanotubes (MWCNTSs) have received
enormous attention during the past decade owing to their
potential in the miniaturization of electronic!'! and mechan-
ical® devices such as field-effect transistors (FET),"! logic
circuits,™ field-emission displays,”! energy storage systems,®”!
optoelectronic switch and memory devices.® Although the
idea of using MWCNTs in microelectromechanical systems
(MEMS) is proposed,” building highly magnetic MWCNTSs
architectures remained a challenge in spite of their various
applications in micro/nano magnetomechanical systems
(MMMS/NMMS), high-flux magnetic separations, and con-
trolled drug delivery.'” MWCNTs can be doped with
magnetic nanoparticles by chemical vapor deposition
(CVD), either on various substrates, such as metals, quartz,
and silicon,’®”! or by template growth inside porous alu-
mina.l'"1?l Herein, for the first time, by pulse-injection CVD
process, using ferrocene in toluene, we have grown a highly
ferromagnetic three-dimensional freestanding pillar architec-
ture of MWCNTs encapsulating iron compounds. The mag-
netic manipulations of mechanical motions of MWCNTs are
shown and their biological compatibility, higher delivery
efficiency, a prolonged release of cancer drug doxorubicin
(Dox), and good targeting capabilities of Dox onto HeLa cells
is demonstrated.

Figure 1a shows the optical image of freestanding
Fe;C@MWCNT array of macroscopic dimensions. The rela-
tionship between the MWCNT array thickness and growth
time is shown in Figure 1b. We have grown up to 3 mm long
MWCNT arrays in the reactor. However, by this process,
MWCNTs of cm lengths can be grown. The freestanding
MWCNT array is easily detached from the quartz surface. The
cross sectional SEM images of the MWCNT array after
a growth time of approximately 210 min is shown in Fig-
ure 1c. MWCNTs bundles can easily be isolated and are
shown in Figure 1d. In the X-ray diffraction (XRD) pattern of
MWCNT array (Figure 1e), the observed family of peaks at
high angles indicate the presence of mainly iron carbide,!
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together with some iron and iron oxides (Figure S1 in the
Supporting Information). The high-resolution transmission
electron microscopy (HRTEM) image (Figure 1 f) shows that
the pillar-like MWCNTs are linked together by Fe;C con-
nectors. Based on the TEM images, a possible synchronous
growth mechanism of the formation of such structures
(Figure 1g—i). In the initial growth period (Figure 1g),
MWCNTs tend to grow perpendicular to the substrate
(Figure S2 in the Supporting Information). The catalyst
particle (Fe;C) moves up with the cap of the MWCNT
(Figure 1 h). After certain time, the flow of ferrocene/toluene
mixture is stopped for a few seconds (see Experimental
Section) and the growth of MWCNT is terminated. Once the
flow of toluene/ferrocene solution is restarted, a new catalyst
particle forms on the terminated MWCNTs and a second
layer of MWCNT begins to grow on the previous MWCNT
(Figure 11i). In this way, MWCNTSs grow on top of each other.
The Fe;C@MWCNTs were found to be superhydrophobic
and semiconducting in nature” (Figure S3 and S4 in the
Supporting Information). Figure 1j shows the HRTEM
images of metal particle encapsulated in the graphene
shells. The corresponding EDX (STEM) spectra gives
agrees with Fe;C composition (Figure 1k).

Figure 2a shows the M versus H hysteresis loop of Fe,O;
nanoparticles (NPs) and Fe;C@MWCNT at room temper-
ature (Figure S5 in the Supporting Information). The shape of
hysteresis loop indicates the stronger ferromagnetic nature of
Fe;C@MWCNT as compared to Fe,O; NPs. The remarkable
features in the Fe;C@MWCNT M versus H loop are
coercivity (H.) of approximately 760 Oe and remanence-to-
saturation ratio (M,/M,) of 0.5 which are very high in
comparison to other metals in MWCNT/metal nano-compo-
sites synthesized to date (Figure 2c; The values of H. were
taken directly from the given references, irrespective of being
pure metal or in the form of carbon/metal composites).>*!
The corresponding relationship between diameters of the
metal NPs and H, (Figure 2c, inset) confirms the exceptional
magnetic characteristics of Fe;C@MWCNT synthesized by
the pulse-injection CVD. It is well know that for single-
domain particles with a uniaxial anisotropy and randomly
distributed easy axis, the ratio M,/M; is 0.5 only at low
temperatures (ca. 100 K) and generally decreases at higher
temperature as a result of depinning of the domain walls in
the particle.'” The M,/M, ratio for Fe;C@MWCNT is
approximately 0.5 even at room temperature which accounts
for its high coercivity. The ferromagnetic nature of
Fe;C@MWCNT array can result from the presence of a high
density of delocalized = electrons, as is evident from the
electron paramagnetic resonance (EPR) spectrum (Fig-
ure 2b), which gives g values of 2.1365 and 2.2132 for first
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Figure 1. a) Optical image of freestanding Fe;C@MWCNT array. b) Relationship
between the nanotube film thickness L and the growth time. c) Cross section SEM
image of the Fe;C@MWCNT array with growth time of approximately 210 min
(black arrow indicates a protruding bundle of Fe;C@MWCNT. d) SEM image of
strands of Fe;C@MWCNT. e) XRD spectra of the Fe;C@MWCNT array. f) HRTEM
image of Fe;C@MWCNT, showing the pillars of MWCNTs stacked on top of each
linked together by Fe;C units (indicated by the white arrows). g—i) formation
mechanism of the pillars of Fe;C@MWCNT (gray balls are Fe;C, the middle balls
in the parts (h) and (i) are indication of the direction of Fe;C before reaching at
the top). j) HRTEM of an encapsulated Fe;C particle. k) EDX (STEM) spectra of
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to align electrons present in MWCNT by two
magnetic forces, that is, one is due to the applied
magnetic field and the other is induced by the
magnetization of the Fe;C present in MWCNT. The
delocalized electrons in a MWCNT, sandwiched
between the two fields, can be induced to align
along the same direction as the magnetic field of the
Fe;C and may contribute to the ferromagnetism.
This situation is evident from the high spin concen-
tration of  2.777x10®spinsg”’  for  the
Fe;C@MWCNT array (calculated from EPR),
which is four-orders of magnitude higher than for
pure carbon. Therefore the alignment of a significant
number of delocalized = electrons of both Fe;C and
MWCNT can take place in a highly coercive way.
Some of the possible modes of an
Fe;C@MWCNT actuator, and a diagram of
Fe,C@MWCNT as a magnetic paddle are shown in
Figures 3a and b, respectively. Magnetic force by an
external magnetic stirrer can induce mechanical
motion in Fe;C@MWCNT (Figure 3¢) films on the
surface of water. The rotation of the
Fe;C@MWCNT array is shown in the bottom inset
of Figure3c (See Movie S1 in the Supporting
Information). It is possible to rotate the
Fe;C@MWCNT array at the speed of magnetic
stirrer for many ten thousand of cycles without any
degradation in the performance. The top inset of
Figure 3c shows an ideal nanomagnetic paddle
composed of a single MWCNT that can be used as
a rotary nanomagnetic paddle for nanofluidics.
Targeted drug delivery systems (TDDS) deliver
drug to the targeted organ or cell without affecting
other sites. However, many drugs are water insolu-
ble. Therefore, drugs need a carrier that is water
soluble as well as biocompatible. We have function-

Fe;C encapsulated in the MWCNT.

and second peak. The second peak is quite close to the EPR
curve obtained for iron carbide whereas the first peak can be
due to the inter-tubular interaction or the interaction between
Fe;C and MWCNT. The g values are much larger than the
g value of 2.0024 for pure carbon and are observed for highly
ferromagnetic materials. The magnetic domain structure of
Fe;C@MWCNT array was further probed by magnetic force
microscopy (MFM). Figure 2d shows the MFM image of the
top surface of the Fe;C@MWCNT array (see inset of Fig-
ure 2d). The MFM image reveals uniform distribution and
highly aligned magnetic domains present in Fe;C@MWCNT
array. The surface roughness of the array is approximately
35 nm. The observed magnetic domains seem to be larger
than the average size of Fe;C (ca. 10 nm), this indicates that
a long-range magnetic interactions exist in the
Fe;C@MWCNT array. The magnetic field of the catalyst
particles is extended beyond its domain boundaries. Extended
single magnetic domains of catalyst can be also be observed in
the magnetic phase contours recorded using off-axis electron
holography of a single catalyst filled MWCNT.[' Tt is possible
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alized Fe;C@MWCNT with methylene blue (MB;

Supporting Information, Figure S6 and S7), which is

itself a very effective drug for detecting and curing
several diseases."*?!! Figure 4a shows schematically the of
salmon testes DNA to MB-Fe;C@MWCNT. Photolumines-
cence (PL) spectroscopy is very sensitive to the surface
characteristics. Figure 4b shows the PL characteristics of
Fe;C@MWCNT, MB, and DNA and confirm successful
binding of Fe;C@MWCNT with MB and DNA.

The loading and release performance of Fe;C@MWCNT
is compared with a clinically used magnetic carrier, Fe;O, NPs
(Figure 4d and e). Figure 4d shows the absorption isotherm
of the cancer drug doxorubicin (Dox) on Fe;C@MWCNT as
well as Fe;O, NPs, with the maximum loading capacity of
approximately 43 and 28 ugmg~!, respectively, where the
MWCNT surface provides sufficient surface area for m—x
stacking interaction for drug absorption. The in vitro release
of Dox from Fe;C@MWCNT and Fe;O, NPs was examined by
dialyzing Dox/NPs composites in PBS buffer solutions. The
Fe;O, NPs (Figure 4e) shows a burst release of Dox with
more than 95 % release in one day, which can be disadvanta-
geous to drug efficiency, if a slow release is desired. On the
other hand, the release of Dox from Fe;C@MWCNT is
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Figure 2. a) M versus H curves for Fe,O; nanoparticles and Fe;C@MWCNT (B indicates magnetic field, lines the nanotubes, and arrow the
direction of the magnetic field). b) EPR spectrum of Fe;C@MWCNT. c) Relationship between coercitivity and remanent/saturation magnetization
for various metals. Inset: relationship between coercitivity and NP diameter (at 300 K). d) Magnetic force microscope image of the
Fe;C@MWCNT array at 25°C (the inset shows that the scanning was performed perpendicular to the tube axis).

Figure 3. a) Schematic illustrations of different modes of rotation of
the Fe;C@MWCNT array in the presence of a magnetic field. b) Set up
for Fe;C@MWCNT array in a liquid and rotated with the help of

a magnetic stirrer plate. c) The thickness of the Fe;C@MWCNT array
used for rotation, lower inset (i-iv) shows the sequence of rotation of
a4 mm long and 15 pm thick Fe;C@MWCNT array (Video V1 in the
Supporting Information). The top inset shows the single-
Fe;C@MWCNT stirrer bar capped with Fe;C at both ends (indicated by
the white arrows).

comparatively slow with only 38 % release in one day. This
suggests that Fe;C@MWCNT is more effective than Fe;O, for
drug delivery if a slow drug release is required.

The biocompatibility of Fe;C@MWCNT was evaluated
using the MTT cytotoxicity assays in which the HeLa cells
were seeded in 96-well plate (Figure 4c). Figure 4 f shows
the viability of HeLa cells to Fe;C@MWCNT with or
without Dox. As the concentration of Fe;C@MWCNT
increases so does the effectiveness of Dox. The results
show promising targeting capabilities and biocompatibility
of Fe;C@MWCNT.
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As shown in the circular dichroism (CD) spectra of DNA
(Figure 4g) treated with MB-Fe,C@MWCNT in different
ratios, as the concentration of MB-Fe;C@MWCNT is
increased, there was decrease in the ellipticity of the DNA
without change in peak positions, which indicates that
interaction with MB-Fe;C@MWCNT causes some instability
in DNA, but it does not change its conformation even at high
MB-Fe,;,C@MWCNT concentration. This indicates that MB-
Fe;C@MWCNTs interact with DNA but do not cause any
major breaks or unfolding of it and are thus DNA compatible.
(Figure S8 in the Supporting Information for the compati-
bility of Fe;C@MWCNTs with BSA protein). Moreover, the
limitations that essentially the internal MWCNT space is not
available for drug attachment due to the presence of Fe;C
particles, means that any substance attachment can take place
only on the external surface, thus reducing the total gravi-
metric loading capacity and help prevent burst release of
drug.

Experimental Section

A ferrocene [bis(cyclopentadienyl)iron(II)]/toluene system was used
for the growth of vertically aligned Fe; C@MWCNT onto quartz tubes
using a pulse injection technique. A solution of 5% ferrocene in
toluene was injected at the rate of 0.2 mLmin™' with a syringe pump
into a quartz reactor’s first zone maintained at 350°C, which was
carried to the second zone maintained at 800°C with the help of
continuous Ar flow. The flow was stopped for a few seconds after
every minute. This process was carried out from few minutes to a few
hours.
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1:5 DNA/MWCNT) of MB-Fe;C@MWCNT.

The MWCNTs were characterized by XRD, SEM, EDX, TG/
DTA, TEM, VSM, MFM, CD, MTT assay (see Supporting Informa-
tion for details).
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