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Abstract In this study, a new synthesis technique of
magnetic multiwall carbon nanotubes (MMWCNTs)
was achieved and its application for drug-loading
ability was assessed. MMWCNTSs were prepared by a
simple solvothermal process, which can easily alter
the size (100-350 nm), location, and denseness of
Fe;04 beads fixed on MWCNTs as well as the
MWCNTs structure via controlling the reaction
parameters. The characteristics of MMWCNTs
obtained were assessed by scanning electron micros-
copy, X-ray diffraction, and FTIR. The MMWCNTs
were used as a drug carrier to load an anticancer
molecule, epirubicin hydrochloride. In addition, its
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adsorption ability was also evaluated. The Freundlich
adsorption model was successfully used to describe
the adsorption process. The kinetic data was well fitted
with a pseudo-second-order model. Due to its mag-
netic properties, high adsorption surfaces, and excel-
lent adsorption capacities, the MMWCNTs
synthesized in this study are suitable to be applied to
a magnetic targeted drug delivery system.

Keywords Magnetic multiwall carbon nanotubes -
Solvothermal process - Epirubicin hydrochloride -
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Introduction

Carbon nanotubes (CNTs), discovered in 1991 by
ligyma (1991), are now considered to be a top-class
subject in academic researches as well as in various
industrial areas. They have become one of the most
promising candidates for drug delivery system in
nanomedicine and pharmaceutical industry, due to
their ultra-high surface area, high mechanical
strength, excellent chemical and thermal stability,
and rich electronic polyaromatic structure. CNTs
have been proven to be an excellent carrier for a
wide variety of bio-molecules, including drugs (Liu
et al. 2007; Yang et al. 2009), peptides (Pantarotto
et al. 2004), and proteins (Graff et al. 2008). Many
studies have demonstrated that when bonded to
CNTs, these molecules are delivered more
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effectively and safely into cells than by traditional
methods (Pavani and Vinay 2011). Recently, several
disadvantages of CNTs, such as poor dispersity in
aqueous media, metabolic pathway and toxicity,
have caused extensive concern. Covalent (Hong
et al. 2005) or non-covalent (Bottini et al. 2006)
modification methods have been introduced to
stabilize the dispersity of CNTs in aqueous media.
The potential applications in vivo are intensely
related to the metabolic pathway of CNTs in
animals. Wang et al. (2004) have reported that
modified CNTs were mainly metabolized through
the urine with little liver intake. Moreover, by
comparison with pristine CNTs (Dumortier et al.
2006), many researchers have discovered that func-
tionalized CNTs display very low toxicity in vivo.
These results lay a foundation for further study of
CNTs in therapeutic applications.

Magnetite nanocrystals have been widely studied
because of their potential applications in nanomedi-
cine such as biological labeling, magnetic resonance
imaging, and targeted drug delivery (Sun et al. 2000;
Nam et al. 2003; Gao et al. 2007; Cai et al. 2009; Gai
et al. 2010). In recent years, more and more research-
ers have a tendency to combine CNTs with iron oxide
for MMWCNTs preparation. Various MMWCNTs
synthesis methods have been described in the litera-
ture. Correa-Duarte et al. (2005) have synthesized
MMWCNTs through a layer-by-layer assembly
approach. Georgakilas et al. (2005), have used pyrene
as interlinker for the attachment of capped magnetic
nanoparticles (MNPs) on the CNTs surface. Gao et al.
(2006), have prepared MMWCNTs via the electro-
static attraction between CNTs and MNPs. Jia et al.
(2007), have combined magnetite beads with CNTs
based on a hydrothermal technique. According to
these reports, there are two different modes to
combine the magnetic materials with the CNTs: (1)
encapsulating MNPs in CNTs or (2) attaching MNPs
on the surface of CNTs. Even though there have been a
number of reports about successful synthesis of
MMWCNTs (Gao et al. 2006; Jia et al. 2007; Kim
et al. 2010; Zhu et al. 2010; Korobeinyk et al. 2011),
the size, denseness, and location of Fe;04 beads along
MWCNTs as well as the structure of Fe;0,/ MWCNTSs
composite remain unresolved problems. These prob-
lems are important for Fe;0,/MWCNTSs composite to
penetrate into the cells to promote the cellular uptake
of therapeutic molecules, but unfortunately, only a few
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reports involve this kind of study so far (Jia et al.
2007).

Epirubicin hydrochloride (EPI) is an effective
anthracycline cytostatic antibiotic with a wide anti-
neoplastic spectrum. However, it can lead to severe
depressing of hematopoiesis and cardiac toxicity.
Prevalent researches have illustrated that the foremost
method to minimize the side effects of EPI is to
explore a new drug carrier which can change the
biological distribution of EPI and target the local
tumor. Nowadays, several researches have proved that
CNTs can be the carrier of drugs, peptides, and nucleic
acids by forming stable covalent or non-covalent
bonds. Also, its capacity to permeate into the cells to
increase the cellular uptake of therapeutic molecules
has been proved (Bianco et al. 2005). These discov-
eries have provided new opportunities in nanomedi-
cine and nanobiotechnology. The efficacy of most of
the existing drugs which have small molecules is
restricted not only by their systemic toxicity and
narrow therapeutic window, but also due to the drug
resistance and limited cellular penetration. According
to the above reasons, it is necessary to enhance cellular
uptake of EPI by developing efficient and targeted
drug delivery systems.

In this study, a simple solution to these problems
was demonstrated using novel MMWCNTs nano-
structures with new synthesis technique, in which the
location, size, and denseness of MNPs on CNTs were
easy to control. Furthermore, we systematically
investigated the adsorption behavior and mechanism
of EPI on MMWCNTs. Although several studies have
investigated drug-CNTs complex, the adsorption
behavior of EPI on MMWCNTSs has never been
reported in literature. The results of this study were
expected to provide a theoretical basis and offer new
methods for preparation of efficient magnetic targeted
drug delivery systems.

Experimental
Materials

Ferric chloride hexahydrate (FeCl;-6H,0), sodium
acrylate (CH,=CHCOONa, Na acrylate), sodium
acetate (CH3COONa, NaOAc), ethylene glycol
(EG), and diethylene glycol (DEG) were obtained
from Aladdin. EPI was from Shandong New Time
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Pharmaceutical Co., Ltd., China. Carbon nanotubes
with outer diameter 10-20 nm and length 5-15 pum
were purchased from Shenzhen Nanotechnologies
Port Co., Ltd., China.

Carboxylation of MWCNTs

Carboxylation of MWCNTSs (c-MWCNTs) was car-
ried out by adding pristine MWCNTs (0.5 g) with
100 mL of sulfuric acid and nitric acid mixture (mole
ratio: 3/1). This solution was dispersed by ultrasoni-
cation for about 2 h and refluxed under magnetic
stirring at 80 °C for 12 h. Then, the dispersed solution
was filtered and the particles obtained were washed to
neutrality, and dried in vacuum at 65 °C overnight.

Synthesis of MMWCNTSs

In a typical procedure, the preparation of MMWCNTSs
was carried out by adding c-MWCNTs (0.4 g),
FeCl;-6H,0 (2.4 g, 9 mmol), Na acrylate (3.4 g), and
NaOAc (3.4 g) into a mixture of EG (33.75 mL) and
DEG (11.25 mL) under ultrasonication for about 1 h.
The homogeneous black solution obtained was trans-
ferred to a Teflon-lined stainless-steel autoclave and
sealed to heat at 200 °C. After reaction for 10 h, the
autoclave was cooled to room temperature. The
MMWCNTs obtained were washed several times with
ethanol and water, and then dried in vacuum at 65 °C for
10 h. In parallel, a reference was prepared by the same
protocol with MNPs, but without adding c-MWCNTs.

Characterization

The size and morphology of the synthesized MMW
CNTs were characterized by S-3000 scanning electron
microscopy (SEM, Hitachi Corporation, Japan) and a
FEI Tecnai G2 F20 transmission electron microscope
(TEM). Phase identification was done by the X-ray
powder diffraction pattern (XRD), using X' TRA
X-ray diffractometer with Cu Ko irradiation at
y = 0.1541 nm. The surface groups on MMWCNTs
were measured with a 8,400 s FTIR spectrometer
(Shimadzu Corporation, Japan).

Adsorption experiments 233

For kinetic study, 50 mL of 300 pg/mL EPI aqueous
solution (pH 7.0) were agitated with 0.05 g

c-MWCNTs, MNPs, MMWCNTs, respectively. Sam-
ples were taken at different time intervals until the
adsorption reached equilibrium.

Static equilibrium adsorption experiments were
conducted using screw-capped glass centrifuge tubes
as batch reactor systems. Each tube containing 0.01 g
c-MWCNTs, MNPs, MMWCNTs, respectively were
filled with 10 mL EPI aqueous solution at different
concentrations. All tubes were immediately sealed and
shaken with a rotary shaker at 150 rpm for 4 h.

All experiment batches were carried out at ambient
temperature (25 £ 2 °C). c-MWCNTs were separated
from the mixture by centrifugation (13,000 rpm for
1 h), while MNPs and MMWCNTs were isolated from
the mixture with a magnet. The amount of EPI
adsorbed was calculated by the difference between the
initial and residual EPI amounts found in solution
divided by the weight of the c-MWCNTSs, MNPs,
MMWCNTs, respectively.

In vitro release of EPI
234

For the drug release study, the suspensions of the EPI-
loaded MMWCNTs (20 mg) were allowed to stand at
37 °C in phosphate-buffered saline (PBS) solutions
(50 mL) at different pH values. The released medium
(1 mL) was withdrawn at predetermined time inter-
vals and replaced with equal volumes of fresh
medium. The released amount of EPI was determined
by UV-Vis spectrophotometry.

Results and discussion

Characterization of c-MWCNTs, MNPs,
and MMWCNTSs

The morphologies of pristine MWCNTs, c-MWCNTs,
MNPs, and MMWCNTs were obtained by SEM and
TEM (Fig. 1). It was observed that the length of
c-MWCNTs seemed to be shorter than that of pristine
MWCNTs (Fig. la, b). All of the pristine MWCNTs
were curled and entangled (Fig. 1a). With oxidation,
the c-MWCNTs were seen with more open ends
(bright spots on the image) with granular surface and
joining tubes together (Fig. 1b). Some bundles
appeared exfoliated and showed more open ends.
The SEM results also indicated that the c-MWCNTSs
became reactive at the ends as well as at the sidewalls
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Fig. 1 SEM and TEM images of a MWCNTs, b c-MWCNTs (inset TEM of c-MWCNTs), ¢ MNPs (inset TEM of MNPs), and

d MMWCNTs (inset TEM of MMWCNTSs)

(Kim et al. 2006). MNPs were spherical and remark-
ably uniform with an average size about 170 nm
(Fig. 1c). Iron oxide nanoparticles were successfully
coated on the surface of MWCNTs to form
MMWCNTs (Fig. 1d).

The magnetism and adsorption characteristics of
c-MWCNTs, MNPs, and MMWCNTs are displayed in
Fig. 2. It was observed that, after dispersion of three
kinds of magnetic materials in EPI aqueous solution, the
color of the solution changed from red to black, but after
shaking the mixture for 60 min only MMWCNTs could
be easily separated from the aqueous solution within few
seconds by placing a permanent magnet near the glass
bottle and the supernatant was colorless (Fig. 2c). This
experiment proved that only MMWCNTs possessed both
the properties of adsorption capacity and of magnetism.

Figure 3 represents the XRD pattern of the MNPs
and MMWCNTs. Compared with MNPs, the XRD
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pattern of MMWCNTs had the diffraction peaks of
cubic Fe;0,4, which can be readily indexed according
to JCPDS file no. 75-0033, and the diffraction peak at
20 = 26°, which can be indexed to (002) reflection of
the c-MWCNTs. No obvious peaks from other phases
are observed, indicating that the product obtained
was a mixture of two phases: cubic Fe;O, and
¢-MWCNTs. The main peaks of Fe;O,4 in the XRD
pattern are broadened, indicating that the crystalline
portion of the Fe;0, particle is very small.

Figure 4 shows the surface groups on c-MWCNTs,
MNPs, and MMWCNTs analyzed by FT-IR. Several
significant bands in Fig. 4A are attributed to carbox-
ylic acid groups introduced by acid oxidizing (Chen
et al. 2011), including the appearance of C=0
stretching band at 1,735 cm™!, COO™ asymmetric
stretching band at 1,620 cm™!, and O-H stretching
band at 3,421 cm~!. While the Fe—O characteristic
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Fig. 2 Photographs of adsorption behavior and magnetic separation: a EPI aqueous solution and EPI and c-MWCNTSs suspension,
b EPI aqueous solution and EPI and MNPs suspension, and ¢ EPI and EPI and MMWCNTs suspension
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Fig. 3 XRD pattern of MNPs and MMWCNTSs

band at 583 cm~! is indicative of Fe;O4 (Lu et al.
2010) in Fig. 4B. The FT-IR spectra of MMWCNTs
composites (Fig. 4C) appears at 1,735 cm™' for C=0

stretching band, 1,620 cm™! for COO™ asymmetric
stretching band, 3,421 cm™! for O-H stretching band,
and 583 cm ™' for Fe-O characteristic band, indicating
that MMWCNTs is composed of c-MWCNTs and
MNPs.

Kinetics analysis

The adsorption kinetics data of EPI adsorbed on three
types of materials are presented in Fig. 5. A rather fast
uptake of EPI occurred during the first hour of the
adsorption process and a slower stage was followed
until the amount of adsorbed EPI reached its equilib-
rium value. It was also observed that the equilibrium
time for c-MWCNTs, MNPs, and MMWCNTSs was
about 30, 60, and 60 min, respectively.

In our study, two different models were used to
investigate kinetic parameters and interpret the
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Fig. 4 FT-IR spectrum of c-MWCNTSs (A), MNPs (B), and
MMWCNTs (C)
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Fig. 5 Kinetic curves for EPI adsorption on different materials

(EPI concentration 300 pg/mL, adsorbent dose 0.001 g/mL,
temperature 25 °C, pH 7.0)

adsorption kinetic process. The pseudo-first-order
model is defined as:

ki
—ag =1 - 1
Ge = qr =129 = 52021 (1)

where k; is the equilibrium rate constant for pseudo-
first-order; g, and g, (mg/g) respectively represent the

amounts of EPI adsorbed at equilibrium and time
t (min). We should obtain a straight line from a plot of
(g — q.) versus t, however, the result does not follow
the pseudo-first-order model.

The pseudo-second-order model is described as
follows:

t t 1

o 4 kd @
where ¢, and g, (mg/g) respectively represent the
amounts of EPI adsorbed at equilibrium and time
¢ (min), and k is the rate constant. The g, and &, values
can be calculated from the slope and intercept of the
linear plot of #/q, versus z. A linear relationship
between f/q, and t with high correlation coefficients
shows that the pseudo-second-order model is more
applicable than the pseudo-first-order model.

Table 1 lists the results of adsorption kinetics using
the fittings of pseudo-second-order model. This result
demonstrates that the adsorption rate of EPI depends
on the concentration of EPI at the adsorbent surface
and the absorbance of these absorbed at equilibrium
(Sun and Wang 2006).

Adsorption isotherms

The adsorption isotherm expresses the relationship
between equilibrium adsorption capacity and equilib-
rium concentration at constant temperature. The adsorp-
tion isotherms of EPI on c-MWCNTs, MNPs, and
MMWCNTs at 25 °C are shown in Fig. 6. In general,
the equilibrium adsorption capacity increases with the
increment of equilibrium concentration, but the increase
of equilibrium adsorption capacity is stopped when the
initial concentration has reached a certain value.

The Langmuir model and the Freundlich model are
employed to study the adsorption isotherm. The
Langmuir model is applicable for monolayer adsorp-
tion on a surface with limited identical sites and the
equation is expressed as:

Table 1 Adsorption kinetic constants for EPI adsorption on c-MWCNTs, MMWCNTs, and MNPs at 25 °C

Materials Pseudo-first-order kinetic model Pseudo-second-order kinetic model

Geexp (Mg/g) Ge.car (M/g) ky (min) Rt Ge.car (M/g) ky (g/mg/min) R3
MNPs 15.36 4.49 0.3807 0.9762 15.67 0.0988 0.9999
¢c-MWCNTs 110.69 37.39 0.1985 0.9931 112.36 1.9226 0.9994
MMWCNTs 92.54 19.73 0.1927 0.9661 93.46 0.0131 0.9997
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where ¢, is the adsorbed EPI concentration at equi-
librium (mg/g); C, is the remaining EPI concentration
in solution at equilibrium (mg/L); O, is the maximum
adsorption capacity; and K;, the Langmuir constant, is
pertinent to affinity of the binding sites.

The Freundlich isotherm describes the adsorption
on a heterogeneous surface with the exponential
distribution of sites and their energies. This isotherm
equation is expressed as:

IgC,
n

(3)

(4)

where ¢, is the adsorbed EPI concentration at equi-
librium (mg/g); C, represents remaining EPI concen-
tration in solution at equilibrium (mg/L); Ky and n are
the Freundlich constants, which respectively represent
the adsorption capacity and the adsorption strength.
The equilibrium adsorption data of EPI on
c-MWCNTs, MMWCNTs, and MNPs were analyzed
by Langmuir and Freundlich models (Fig. 6). The
correlation coefficient R® values and the constants
obtained from the two models are summarized in

lgg. =1gKr +

Table 2 Freundlich and Langmuir isotherm model constants
and correlation coefficients for EPI adsorption on different
materials at 25 °C

Materials Freundlich isotherm  Langmuir isotherm
model model
Kr n R? Oum K, R?
MNPs 8.02 3.15 09318 17.80 0.73 0.8863

c-MWCNTs 87.43 8.62 0.9640 101.53 37.12 0.5538
MMWCNTs 72.82 7.62 0.9432 89.35 16.17 0.6895

Table 2. The results showed that the correlation
coefficients of Freundlich exceeded 0.93, indicating
that the Freundlich model gave better fit than the
Langmuir model on the adsorption of EPI. According
to Ky, the order of adsorption capacity was as follows:
c-MWCNTs > MMWCNTs > MNPs. These data
also demonstrated that the values of the Freundlich
exponent n of c-MWCNTs, and MMWCNTs were
greater than those of MNPs, confirming that the
adsorption process is successful and the two materi-
als—c-MWCNTs and MMWCNTs are excellent
adsorbents for anticancer drug EPL
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Influence of pH and temperature

The pH has a significant impact on the adsorption
process. According to hydrophobic anthracycline and
hydrophilic sugar moiety of EPI, it is known as an
amphiphilic weak base (pK, = 7.7). In our study, we
investigated the effect of pH on the adsorption
capacity of EPI on MMWCNTs. The range of pH we
investigated on EPI adsorption tests was between 5.7
and 8.0. The results showed that the loading capacity
of EPI on MMWCNTs increased from 89.12 to
96.15 mg/g as pH was increased from 5.7 to 8.0. This
indicates that the amount of EPI loaded on
MMWCNTs is pH-dependent. There are three possi-
ble interactions between EPI and MMWCNTSs which
are known as followed: (a) n—n stacking interaction;
(b) hydrophobic interaction; and (c) hydrogen-bond-
ing interaction between the EPI —OH and the nano-
tubes surface -COOH group. The apparent pH effect
of EPI adsorption onto MMWCNTs depends on the
counteraction between the decrease of hydrogen
bonding interaction and the increase of both n—n
stacking interaction and hydrophobic interaction. The
results showed that the adsorption capacity was
enhanced with the increment of pH. This indicates
that the decrease of the hydrogen-bonding effect is not

too strong to balance the increase of both n—m stacking
interaction and hydrophobic interaction.

The influence of temperature on adsorption capac-
ity of EPT onto MMWCNTSs was also investigated over
a range of temperature from 20 to 80 °C. It was
observed that the amount of EPI adsorbed decreased
when temperature increased from 20 to 80 °C. Higher
temperature was unfavorable to the adsorption pro-
cess, indicating that this adsorption is an exothermic
process. This result is consistent with the report from
Yan et al. (2008). Thus, the room temperature is more
appropriate for the preparation of EPI-loaded
MMWCNTs.

In vitro release of EPI

To evaluate the release of EPI-loaded MMWCNTs,
we have performed release experiments in vitro. The
cumulative release ratio (%) is given by the ratio of the
amount of EPI desorbed/adsorbed. Figure 7 indicates
that the adsorption of EPI on MMWCNTs was
reversible and the cumulative release ratio had
increased with time. All of the release curves show a
rapid release process in the initial stage, followed by a
slow and sustained release process, which seems to
continue for a prolonged period of time. Moreover, the

Fig. 7 EPI release from <
¥ S 354 A 9 B
MNPs (a), c-MWCNTs (b), \; < 35
; 2 ] =
and MMWC(I)\ITS (c) in PBS = 30 pH 5.7 2 50l
buffer at 37 °C = —e pHS8.0 s
o 251 iy 254
[77] ]
3 &
220 1 S 20
o = —=—pH 5.7
@ 15 1 : 154 —e—pH 8.0
Z 2
& 10 4 £ 101
= =
g 51 g 5
R 5
© o : : T T . O o . . . : .
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Table 3 Release of EPI from different materials at different
pH

Materials Release percentage (%) (n = 6)

pH 5.7 pH 6 pH 7 pH 8
MNPs 17.39 16.94 16.57 15.98
c-MWCNTs 37.45 35.98 32.56 30.11
MMWCNTSs 35.23 33.92 30.22 27.46

amount of EPI released from MMWCNTs, shaken for
3.5 h, in the acidic solution was larger than that in the
neutral solution (Table 3). This phenomenon can be
mainly attributed to the decrease of both n—n stacking
interaction and hydrophobic interaction at low pH. It
has been reported that the local pH of solid tumor
(pH < 6.5) was lower than that of normal tissue (pH
7.4) (Zhang et al. 2009). Therefore, the pH-sensitive
release behavior of EPI from MMWCNTSs may benefit
the tumor treatment.

Mechanism research

Figure 8 illustrates the proposed overall synthetic
procedure of MMWCNTSs and its adsorption with EPIL.
Treating MWCNTSs with concentrated H,SO4,/HNO;
mixture is a classic method of creating a large amount

Surface
I Treatment

of negatively charged functional groups such as
carboxyl on the surface of MWCNTs. Positive metal
ions in the system and the carboxylic groups would
interact through electrostatic attraction, and the
positive metal ions can be served as nucleation
precursors. In our study, ferric ions in this system
are likely attached to some particular positions of
¢c-MWCNTs. In this solvothermal process, the reduc-
tion reaction can turn some of these ferric ions into
ferrous ions and then they can coprecipitate into Fe;Oy4
crystallites. According to the aggregation of Fe;Oy4
nanocrystallites, some researchers supposed that the
aggregation growth will be intrigued when the driving
force from Brownian motion and van der Waals
attraction surpasses the repulsive force (Banfield et al.
2000). Currently, the decrease of the high surface
energy is the main motive power for the oriented
aggregation of nanocrystals. Also, in our case, dipolar
interactions between the magnetic nanocrystals are
related to their oriented aggregation. Moreover, the
greater viscosity of non-aqueous phase in our system
could slow down the aggregating rate of Fe;O,
nanocrystals. When provided with sufficient time,
Fe;0,4 nanocrystals can rotate at the low-energy
configuration interface (He et al. 2004) which is
helpful to the oriented aggregation.

Fig. 8 Schematic illustration of Fe;O4 beads on MWCNTSs in the solvothermal system
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Control experiments indicated that the location,
size, and denseness of Fe;0,4 beads along MWCNTs as
well as the structure of Fe;0,/MWCNTSs composite
can be altered by changing the experimental param-
eters such as duration of both acid treatment and
solvothermal treatment, amount of ferric precursor
used, and EG/DEG ratio (v/v).

The duration of MWCNTSs acid treatment with a
concentrated H,SO,/HNO; mixture has a great influ-
ence on both loading position of Fe;O, onto
MWCNTs and structure of Fe;0,/MWCNTs compos-
ite. The duration of acid treatment for the synthesis of
Necklace-like Fe;O4/MWCNTSs nanostructure with
Fe;0,4 beads on MWCNTs was 6 h (Fig. 9b). When
we prolonged the MWCNTSs acid treatment to 14 h,
interesting net-like magnetite/MWCNTSs nanostruc-
tures were formed, in which Fe;O, spheres, acting as
joint, were connected by shortened MWCNTs
(Fig. 9c). Oxidizing acids such as a concentrated
H,SO4/HNO;5; mixture were used to open the ends of
MWCNTs and also to cut it. At the earlier stage of acid

treatment, carboxylic groups would be generated both
at the ends and along the sidewall of MWCNTs, so it is
suggested that when using this kind of c-MWCNTs,
the formed Fe;O4/MWCNTSs nanostructure will be
Necklace-like type, whereas with the 14 h treatment
time, the pristine MWCNTs have been cut into shorter
material. Meanwhile, the Fe;O, particles would be
preferentially attached on the tips of shortened
MWCNTs, where the density of carboxylic groups is
supposed to be the highest. As a result, these short
MWCNTs connect Fe;O,4 spheres together and form
novel net-like structure (Jia et al. 2007).

As shown form Eq.5-8, FeCl;, NaOAc, Na
acrylate, EG, and DEG play important roles in the
formation of MMWCNTs. It has been reported that
Fe®" cannot be reduced by EG alone (Cao et al. 2008).
NaOAc was destined to assist the EG/DEG in reducing
FeCl; into Fe;04 by modifying the alkalinity of the
system. The hydrolysis rate of FeCl; could be
accelerated by increasing alkalinity to promote the
formation of larger Fe;O, nanocrystals (Shen et al.

Fig. 9 Influence of starting Fe*>" concentration and time in acid treatment of MWCNTSs: a 4.5 mmol, 6 h; b9 mmol, 6 h; ¢ 9 mmol,
14 h; and influence of EG/DEG ratio during solvothermal process: d 5/15; e 10/10; f 15/5
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2012). Sodium acrylate was coated with the formed
Fe;0, nanograins due to the strong coordination
between ferric ions and carboxylate. The formed
polyacrylate in situ would stabilize the primary Fe;O4
nanograins, and confine them to form larger Fe;O4
grains in the recrystallization process (Lin et al. 2005).
EG plays both roles as a reducing agent and as a
solvent during the formation of the Fe;O, particles
(Xuan et al. 2009). Since the reaction temperature in
the sealed container was 200 °C, just slightly higher
than the boiling point of EG (196 °C), EG may exist as
a superfluid. When DEG (boiling point = 240 °C)
was introduced together with EG in the reaction
system, quite surprisingly, the size of the Fe;O4
particles can be successfully reduced by only changing
the EG/DEG ratio. Under the same experimental
condition, the size of the Fe;0, particles significantly
increased with a decreasing amount of DEG. The
diameters of the as-prepared Fe;O4 particles were
ranging from 100 to 250 and 350 nm when the EG/
DEQG ratio (v/v) changed from 5/15 to 10/10 and 15/5,
respectively (Fig. 9d—f).

HO — CH, — CH, — OH — CH;CHO + H,O0  (5)

CH;COO™ + H,0 — OH™ + CH;COOH (6)
2CH;CHO + 2F}* + 20H™

— CH3;COCOCH; + 2F*" + 2H,0 (7)
2F3F £ F2* 4+ 8OH™ — Fe;0, + 4H,0 (8)

Furthermore, by raising the quantity of starting ferric
precursor, the denseness of the Fe;O4 beads along the
MWCNTs increased, while the size of magnetite beads
was just slightly greater (Fig. 9a, b). Itisrational that the
rising of Fe>" concentration would generate more Fe;0y
nanocrystallites and increase the denseness of Fe;Oy4
beads along MWCNTs. The investigation into the effect
of the reaction duration of the solvothermal process
indicated that the size of Fe;0, beads did not grow as the
reaction time increased from 8 to 10 and 12 h, because
the Fe;O,4 particle formation is a very rapid process
(Xuan et al. 2009).

At last, we have found that EPI could strongly and
rapidly be adsorbed on MMWNT. By investigating the
factors which influence adsorption behavior, we
observed that the driving force is attributed to n—n
stacking interaction between EPI and MWCNTs
graphene surface. This result is consistent with those
of our recent publication (Chen et al. 2011).

Conclusion

In summary, a simple, effective, and reproducible
solvothermal method was developed to synthesize a
series of MMWCNTSs nanostructures. In this study, the
time used for acid treatment of MWCNTs with a
H,SO4/HNO;5; mixture is an important factor for the
loading of Fe;0, into MWCNTs and for the formation
of Fe;0,/MWCNTs composite. When prolonging the
MWCNTs acid-treatment time from

MMWCNTs nanostructures changed from necklace-
like to net-like structures, in which Fe;O, spheres
were connected to the shortened MWCNTs. In the
same time, the Fe;O,4 particle size was found to be
successfully reduced by varying the EG/DEG ratio
only. Thus, our results clearly demonstrated the high
flexibility of this synthesis method.

Concerning the adsorption behavior of anticancer
drug EPI on MMWCNTs, we found that EPI is
strongly and rapidly adsorbed on WMWCNTSs by n—n
stacking interaction between EPI and MMWCNTs
graphene surface. The kinetic data are well suitable for
a pseudo-second-order model. The adsorption process
follows the Freundlich model and it is exothermic.

Finally, this work provides a new insight for the
MMWCNTs synthesis and can improve the knowl-
edge about the properties and relationships between
MMWCNTs and EPI. Our technique described here
for the adsorption of anticancer drug EPI on
MMWCNTs provides excellent results and could be
extended to the adsorption of other drugs on CNTs
constructed with Fe;O4 spheres or other inorganic
compounds, such as ferrite and metal oxide. Addi-
tionally, our novel MMWCNTSs endowed with high
magnetic properties, large adsorption surfaces, and
excellent adsorption capacities is an ideal vehicle for
loading EPI or other drugs. These findings might help
us to develop new theories and applications for the
magnetic targeted drug delivery system in order to
enhance drug efficacy and to diminish its toxicity in
humans.
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