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Abstract A new type of drug delivery system involved
chitosan (CS)-modified magnetic multi-walled carbon
nanotubes (M-CS-MWNTs) was synthesized. Prepared
M-CS-MWNTs was characterized by Fourier transform
infrared spectroscopy, scanning electron microscope,
thermogravimetric analysis, X-ray diffraction, and CHN
techniques. The nanocarrier was used for controllable
loading and release of anticancer drug methotrexate. The
full factorial design methodology was employed to obtain
the optimum conditions for time, dose of adsorbent, initial
methotrexate concentration, and pH of preparative media
on the drug loading efficiency, by using Minitab 16 and
Design Expert 7.1.6 software. The maximum loading
(89 %) was achieved under optimized condition (pH: 7.0,
time: 35 min, methotrexate concentration: 20 mg dm_3,
and M-CS-MWNTs dosage: 0.20 g dm ™). The adsorption
isotherm and other properties including kinetics and ther-
modynamics were studied. Pseudo-second order shows the
best fitting of methotrexate adsorption. The thermodynamic
studies showed that the adsorption of methotrexate on
nanocarrier is spontaneous and exothermic in nature.
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Introduction

Chemotherapy is often used to treat a disease, such as
cancer by powerful chemicals drugs to kill cancer cells
whilst minimizing side effects to healthy tissue and maxi-
mum treatment efficacy [1]. However, conventional
anticancer drugs often have some unexpected limitations
such as limited solubility, poor nonselective biodistribu-
tion, and tissue damage; therefore, they are far from ideal.
To overcome these problems, nano-sized delivery vehicles
have been employed to improve the therapeutic and phar-
macological properties of the anticancer drugs by
controlling release rates and targeted delivery process.
Many different types of drug delivery systems are cur-
rently available. Among the currently available delivery
vehicles such as polymeric nanoparticles [2—4], liposomes
[5-7], and inorganic nanoparticles [8], CNTs have emerged
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as a new alternative and efficient tool for transporting and
translocating therapeutic molecules due to their significant
advantages including higher accumulation in tumor tissues
as compared to normal tissues, high aspect ratios and sur-
face areas, cell membrane penetrability, high capacities for
drug loading, and prolonged circulating time [9-12].

Large numbers of CNTs-based drug delivery systems
(DDSs) with chemotherapy effects have been designed and
evaluated at the cellular level [13—18]. CNTs are hydrophobic
in nature and thus insoluble in water, which limits their
application in biomedical and medicinal chemistry. In the
recent years, covalent and non-covalent functionalization of
carbon nanotubes with polymers has been of significant
interest [19]. Modification of CNTs with biopolymers has
attracted significant interest due to their hydrophilicity, dis-
persion in aqueous solution, and excellent adsorption
properties [20-24]. The strategy of polymer functionalization
not only provides an effective approach to improve the sol-
ubility and biocompatibility of carbon nanotubes for
biotechnological applications, but also offers a practical
protocol for the preparation of polymeric nanocomposite as
potential sorbent in pharmaceutical sciences.

Among those biopolymers used for modification of
CNTs, chitosan is an excellent kind of modifier. Chitosan is
well known as nontoxic and biologically degradable [25,
26] material in pharmaceutical sciences due to its high
hydrophilicity, flexible polymer structure, and large num-
ber of functional groups (acetamido, primary amino and/or
hydroxyl groups) on the backbone [27, 28]. Some studies
have demonstrated that the dispersion of CNTs could be
dramatically improved using chitosan possibly due to a
higher surface coverage of the CNTs [24, 29].

Methotrexate (MTX) is a well-known and potent antifo-
late, used also to treat autoimmune diseases. However, MTX
suffers from poor bioavailability, low cellular uptake, and
toxic systemic side effects [30]. Combining MTX with
functionalized CNTs has the potential to raise the bioavail-
ability of MTX and diminish its undesirable adverse effects
by delivering MTX specifically to tumor cells with addi-
tional targeting molecules [31]. To further augment the
efficacy of CNT-based drug delivery system (DDS), mag-
netic nanoparticles (MNPs) have received extensive
attention in biomedical communities due to their potentials
in medical applications [32]. CNTs can also enter cells under
the application of an external magnetic field, which provides
an active magnetic targeting mechanism [33].

Although several studies have been reported on the
effects of in vivo or in vitro antitumor activity and tumor
targeting of drug—CNTs complex based on the adsorption,
but very little is known about the adsorption behavior of
anticancer drug on CNTs. To facilitate the development of
the CNT-based drug delivery systems, thorough studies of
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the adsorption and desorption of drugs on CNTs are
absolutely necessary. In this work, we present our attempt
to construct a type of chitosan (CS) modified magnetic
multi-walled carbon nanotubes (MWNTS) for controllable
loading/release of anti-cancer agent methotrexate (MTX)
from aqueous solution. In fact, CS was non-covalently
wrapped around MWNTSs, imparting water solubility and
biocompatibility to the nanotubes. Fe;O, nanoparticles
were also bounded to the outer MWNTs layer to realize
selective killing of tumor cells. The final product was (M-
CS-MWNTs).

In this study, mainly focused on the effect of time, initial
drug concentration, M-CS-MWNTs dosage, pH, the
adsorption kinetic, equilibrium and thermodynamic
parameters at various temperatures and concentrations. To
optimize the independent variables, (i.e., pH, contact time,
drug concentration, and adsorbent dosage) on dependent
variables, (i.e., entrapment efficiency), were investigated
by a two-level, four-factor, full factorial experimental
design with Minitab 16 and Design Expert 7.1.6 softwares.

Results and discussion
Nanocarrier characterization

To know the surface functional groups, morphology, and
structure of the adsorbent, the following studies were
conducted.

FT-IR analysis

Fourier transform infrared (FT-IR) spectra of (a) Fe;Oy,
(b) MWNTs, (c) MWNTs-COOH, (d) CS, and (e) M-CS-
MWNTs are shown in Fig. 1. In Fig. 1a, the characteristic
peak at 624 cm™' is attributed to the Fe-O stretching
vibration. The peak observed at about 3444 cm™' shows
the presence of hydroxyl group, probably due to the pres-
ence of moisture in the air. The peaks are observed in
MWNTs spectra at 1153, 1639, and 3489 cm™! wavelength
are related to C—O, C=C, and O—H bonds, respectively (cf.
Fig. 1b). It should be mentioned that the peaks observed
for C-O and O-H bonds are related to low percent of
hydroxyl group on nanotubes surface. The peaks observed
in functionalized MWNTs-COOH spectra at 1166,
1703 cm™" are related to C—O and C=0, respectively
(Fig. 1c). The wide peak, which is appeared in the region
of 3448.56 cm™ " assigned to O—H (carboxylic acid) group.
Observed peaks at 2860.26 and 2924.39 cm ™' are due to
C-H stretching bonds. In fact, increasing intensity and
width of O—H peaks are due to functionalizing of nan-
otubes by HNOj. On comparing Fig. 1b, c, it can be said
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Fig. 1 FT-IR spectra of a Fe;04, b MWNTs, ¢ MWNTs-COOH,
d CS, and e M-CS-MWNTs

that MWNTs were successfully oxidized by HNOj;. In
Fig. 1d, the characteristic peaks at 1084, 1653, and
3426 cm™! are related to the stretching vibration of C-0,
N-H, and O-H bonds, respectively. The shift in the NH
stretching peak from 1653 cm™' to lower wave number
(1636 cm™ ") in the M-CS-MWNTs (cf. Fig. le) suggested
that the MWNTs is well coated with chitosan. In the
spectrum of M-CS-MWNTs, the characteristic peak at
594 cm™ " indicates the displacement of Fe;0, spectrum to
lower wave number due to Fe—O bond. This reveals that a
nanocarrier has magnetic properties.

Thermal analysis

The thermal behavior of MWNTSs, CS, and M-CS-MWNTs
are presented in Fig. 2. Due to the high thermal stability of
MWNTs, thermal gravimetric analysis technique (TGA)
has been widely used to quantify the MWNTSs’ degree of
functionalization [34]. Therefore, this technique has been
used for quantitative analysis of polymers linked to
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Fig. 2 TGA of a MWNTs, b M-CS-MWNTs, and ¢ CS

nanotubes. As can be seen from Fig. 2, two weight losses
are shown in M-CS-MWNTs. Obvious weight loss is
observed for the M-CS-MWNTs when the temperature
became higher than 200 °C, due to the pyrolysis of the
deposited chitosan.

XRD analysis

The XRD pattern of M-CS-MWNTs is shown in Fig. 3.
The XRD spectra show the presence of peaks corre-
sponding to both chitosan and carbon nanotube [35, 36].
There are also six characteristic peaks for Fe;O, at
20 = 30.1°, 35.5°, 43.3°, 53.4°, 57.2°, and 62.5° where all
diffraction peaks can be well indexed to the (22 0), (31 1),
400),422),(511),and (4 4 0) planes (JCPDS No.
19-0629), indicating that both Fe;0, and M-CS-MWNTs
exhibited typical Fe;O, cubic structure. The results
obtained from XRD studies also clearly show the formation
of nanocarrier.

Elemental analysis (CHN)

Elemental analysis was applied to determine the nitrogen
content of the nanocarrier (Table 1). In comparison with
unmodified MWNTs, a significant increase in nitrogen
content of M-CS-MWNTs approves the chitosan coated on
the surface of MWNTs. The elemental analysis results
revealed that for 1.0 g MWNTs, 3.76 mmol chitosan
grafted to it.

Raman analysis

Figure 4 shows the Raman spectra of pristine MWNTSs and
M-CS-MWNTs. The Raman spectra of pristine MWNTs
show two characteristic peaks (D and G bands). One at the
Raman shift of 1309 cm™! named D band, which is asso-
ciated with the defects present in the graphitic structure to
the disordered graphitic structure of MWNTSs. The other
peak at the Raman shift of 1578 cm~ ' named G-band,
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Fig. 3 XRD patterns of M-CS-MWNTs
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Table 1 Elemental analysis of MWNTs, MWNTs-COOH, M-CS-
MWNTs

Name C (%) H (%) N (%)
MWNTs 97.2 0.390 0.0
MWNTs-COOH 96.40 0.420 0.0
M-CS-MWNTs 89.2 3.40 1.65
h
X
I
bjs§
U
I
I
[
[ |
! \
1' ‘I I"l
o ' \ 1\
B ] \ [}
- ] \ [
oy [ \ ! |
‘» ] \ ! 1\
B / \ / \
g r’ Se=wers ‘\

900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift / cm-!

Fig. 4 Raman spectra of a MWNTs, b M-CS-MWNTs

which assigned to the C=C bond in the graphitic plane. The
intensity relation between the two bands (Ip/lg) is the most
widely used tool to evaluate the grafting of carbon nan-
otubes [37, 38]. When the MWNTs surfaces coated by CS
and Fe;Qy, it was found that the Raman D band intensity
increased. Thus, the intensity ratio of D band to G band (Ip/
Ig) can be used for evaluation of graphitic structure of
CNTs.

SEM images

SEM images for (a) MWNTs-COOH, (b) Fe;0,, (c) CS,
and (d) M-CS-MWNTs are given in Fig. 5. The images
show a clear morphology of these compounds. Image of
MWNTs-COOH reveal a smooth surface with curled and
entangled tubes (Fig. 5a). Whereas the surfaces of carbon
nanotubes in M-CS-MWNTs after the deposition of chi-
tosan and Fe;O4 nanoparticles, changed significantly and
the surfaces of carbon nanotubes in M-CS-MWNTSs were
rough and existed some clusters attached to them (Fig. 5d).
This reveals that chitosan and Fe;O,4 has been coated on the
surface of MWNTs.
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Experimental design

The factorial design method can be used to achieve the best
experimental conditions to increase the reaction efficiency.
The advantage of using this method is to reduce experiment
costs and also to save time. After applying optimum con-
ditions to adsorption of MTX on M-CS-MWNTs system,
the obtained experimental data were best fitted in this
model.

The Minitab 16 software was used to find the best
condition leading to the highest drug loading efficiency.
Equation (1) demonstrates the relationship between the
variables as follows:

R% = 65.55 +9.38A + 5.55B 4 0.794C + 3.75D
+ 0.327AC — 2.42AD — 0.037AB — 0.283CD
—3.85BC — 1.31BD + 1.27ACD — 3.61ABC
— 3.32ABD - 0.93BCD — 0.88ABCD (1)

where A, B, C, and D parameters are explained in Table 2.
More information of the experimental design and analysis
of the variance (ANOVA) of the model has presented in the
Supplementary Material.

In addition to statistical tests, the adequacy of the model
was also evaluated through the difference between the
observed and predicted values. A satisfactory correlation
between the observed and predicted values of MTX
adsorption efficiency is shown in Fig. 6. The model pre-
dicted the optimal values of the four variables pH: 7.0,
time: 35 min, initial drug concentration: 20 mg dm™3, and
adsorbent dosage: 0.20 g dm™ corresponding to maxi-
mum loading = 89 %.

The Pareto chart

The relative importance of the main effects and their
interactions was also observed on the Pareto chart.
According to Fig. 7, the sequence of very important main
factors and their interactions may be expressed as:
A>B >BC>D>ABC > ABD > AD, following a
decreasing influence on the adsorbed amount of
methotrexate. The last three factors in the sequence, AC,
CD, and AB having their ¢ values under the Bonferroni
limit are marked non-significant. The interactions BD,
ACD, BCD, and ABCD may be considered as moderately
important, while the single factor C is slightly significant.
Three interactions CD, AC, and AB are considered non-
important factors and insignificant.

Kinetic studies

Various kinetic models such as pseudo-first order, pseudo-
second order, Elovich, and intra-particle diffusion models
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Fig. 5 SEM images of
a MWNTs-COOH, b Fe;0,,
¢ CS, and d M-CS-MWNTs

Table 2 Experimental ranges and levels of the factors used in the
factorial design

Independent variable Coded symbol Level

-1 1
Solution pH A 3.0 7.0
Time/min B 3 35
Adsorbent dosage/g dm > C 0.2 1.2
Drug concentration/mg dm > D 20 50

are used to study the kinetic adsorption of the MTX on the
nanocarrier [39—41].

A simple kinetic model given by Lagergren is the
pseudo-first-order relation:

g = q.(1 —e ") Pseudo-first order (2)

The experimental data were also tested by the pseudo-
second-order kinetic model which is shown as Eq. (3):

kaglt

=—""¢ _ Pseudo-second order 3
1+ kzqet ( )

qr
where ¢, (mg g”') and ¢g. (mg g~") are the adsorption
capacity at any time ¢ (min) and the equilibrium adsorption
capacity, respectively; k; and k, are the pseudo-first-order
(min™") and the pseudo-second-order rate constant
(g mg~" min~"), respectively.
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Fig. 6 Correlation between the experimental and predicted values

The Elovich model is studied by the following equation:

1 1
qr = =1Inaff + Blnt Elovich model 4)

p

where o is the initial adsorption rate (mg g~ ' min~") and f
is the desorption constant (g mg~'). The intra-particle
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Fig. 7 Pareto chart of effects

diffusion model is widely used to predict the rate
controlling step. The rate constant of intra-particle
diffusion (k;) at stage i is determined using the following
equation:

q: = kitl/ 14 G Intraparticle diffusion model (5)

where k; is the rate constant at stage i and C; is related to
the thickness of the boundary layer of intra-particle diffu-
sion model.

Since non-linear method is an appropriate model to
predict the optimum sorption kinetics [42, 43], therefore
the experimental data were fitted to the kinetics models by
non-linear regression, trial and error method using Solver
add-In in Microsoft Excel. The corresponding kinetic
parameters are summarized in Table 3. The validity of
each kinetic model was checked by regression index R” and
residual sum of squares (RSS). The experimental data and
predicted kinetics models shown in Fig. 8.

Curves in Fig. 8 reveal that MTX adsorption on M-CS-
MWNTs easily take place, as 90 % of the adsorption
achieved within initial 7 min. On comparing the R and
RSS for the different models (Table 3), it can be said that
the pseudo-second order is the best model as it has the

highest regression coefficients values (R*) and the lowest
RSS. Its equilibrium sorption capacity is 19.2 mg g~
which is very close to experimental value. The better fit of
the pseudo-second-order model, therefore, indicates that
the adsorption depends on the adsorbate as well as the
adsorbent and involves chemisorption process (electrostatic
interaction, hydrogen bonding, and n—mn stacking interac-
tion) in addition to physisorption.

Isothermal studies of the adsorption

The isotherm study was carried out by varying initial MTX
concentration from 20 to 90 mg dm™> at temperature range
293-310 K (Fig. 9). Two conventional adsorption iso-
therms, Freundlich and Langmuir models, were employed
to describe the MTX adsorption equilibrium [44].

The Langmuir isotherm is a theoretical model derived
base on the assumptions that adsorption is monolayer,
homogeneous and without lateral interactions between
adsorbing species and is expressed as

0. = GmaxCe

= 6
1+ K.C. (6)

where C, is equilibrium solution concentration (mg dm™),
Q. is the equilibrium adsorption capacity of nanocarrier
(Mg 27 "), gmax is the maximum adsorption capacity, and K is
the Langmuir constant related to affinity of the binding sites.

Freundlich model is an empirical equation based on
adsorption on a heterogeneous surface or surfaces sup-
porting sites of varied affinities. It is assumed that the
stronger binding sites are occupied first and that the bind-
ing strength decreases with the increasing degree of site
occupation. The isotherm is expressed as

ge = keC}/" (7)

where 1/n is an empirical parameter related to adsorption
intensity and kg is a Freundlich constant related to
adsorption capacity (dm® g~'). The magnitude of the
exponent n gives an indication on the favorability of

Table 3 Kinetic parameters for MTX adsorption on M-CS-MWNTs by various kinetic models

Kinetic model Parameters Values Kinetic model Parameters Values

Pseudo-first order ge/mg g~} 17.4 Elovich o/mg gfl min~! 56.0
ky/min~"! 0.302 B/g mg™! 0.351
R* 0.991 R’ 0.993
RSS® 2.55 RSS 1.99

Pseudo-second order gs/mg g~ 19.2 Intra-particle diffusion C/mg g™! 9.64
ko/g mg™" min~! 0.023 k/mg g~" min'? 1.59
R 0.999 R 0.997
RSS 0.310 RSS 6.05

ab R is correlation coefficient and RSS is residual sum of squares
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Fig. 8 Adsorption kinetics of 20 (a) 2 | (b)
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Fig. 9 Effect of temperature on MTX adsorption (Cy: 20, 40, 60, 80,
and 90 mg dm~3, mm-cs-mwnts): 0.20 g dm~3, pH: 7.0, time:
35 min)

adsorption. It is generally stated that values of n in the
range 2—10 represent good, 1-2 moderately difficult, and
less than 1 poor adsorption characteristics. The isotherm

Fig. 10 Plots of In (¢/C.) vs. g. for MTX adsorbed on M-CS-
MWNTs

constants and determination coefficients are summarized in
Table 4.

The Freundlich isotherm provided much better fit to the
equilibrium data compared with the Langmuir isotherm

Table 4 Isotherm parameters for the adsorption of MTX on M-CS-MWNTs

Temperature/°C Langmuir isotherm model Freundlich isotherm model

qmax/dm3 g{1 KL/dm3 mg R? Kp/dm3 g” n R?
288 11.1 0.141 0.983 16.0 2.36 0.991
298 10.2 0.134 0.982 15.4 2.38 0.991
310 9.28 0.124 0.984 14.5 2.36 0.990

R? correlation coefficient, g,,,, maximum adsorption capacity, K; Langmuir constant related to affinity of the binding sites, Ky and n are

Freundlich constants
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Table 5 Thermodynamic parameters for MTX adsorption on M-CS-MWNTs

Thermodynamic parameters (Ko) (AG®/KJ mol™") (AH®/kJ mol™") (AS°/T K~ 'mol 1)
293 19.9 —7.29 —8.43 -3.92

298 18.7 —7.26

310 16.4 —7.22

based on the higher R? (0.990-0.991) values. This result
may be due to the heterogeneous distribution of active sites
on the edge and two sides of the nanocarrier. The results
show that the values of the Freundlich exponent n were
greater than 2, which confirm that the adsorption for the
MTX is favorable.

Thermodynamic studies

The nature of adsorption can be characterized by calcu-
lating the thermodynamic parameters such as enthalpy
change (AH°), entropy change AS°, and Gibbs free energy
change (AG®) using equilibrium adsorption data obtained
at various temperatures. The following Eqgs. (8-10) were
used to estimate the thermodynamic parameters [45]:

—AH° /1 1
InKo(T3) — InKo(T) = R (Fs - ?l) (8)
AG® — AHY
As? = _AC A (9)
T
AG® = —RTInK, (10)

where (AH®) (kJ mol™"), (AG®) (kJ mol™"), and (AS°)
(J mol™' K™y are changes of free energy, enthalpy, and
entropy, respectively; R is the universal gas constant
(8.314 T mol™' K™Y); T is the absolute temperature (K);
(Kp) is ratio of concentration of MTX on adsorbent at
equilibrium (g.) to the remaining concentration of the
MTX in solution at equilibrium (C.). Ky can be obtained
from the intercept of In (¢/C.) vs. ¢q. plot (Fig. 10). As
listed in Table 5, the negative values of AG® and AH°
reveal that the adsorption process is spontaneous and
exothermic. Also, the negative value of AS® indicates
decreased randomness at the adsorbent/solution interface
during the adsorption of MTX on nanocarrier.

Conclusion

In this research work, the M-CS-MWNTSs adsorbent was
prepared and characterized by using several methods. The
results showed that the nanocarrier was successfully syn-
thesized. The performance of M-CS-MWNTs as a carrier
for controlled release of MTX was investigated. For this
purpose, the drug loading and release behavior of the

@ Springer

modified MWNTs were studied. The effect of pH, time,
initial drug concentration and adsorbent dosage on the
adsorption of the MTX in the nanocarrier was investigated
by full factorial experimental designs. The results from full
factorial design showed that the pH has the most significant
effect on the adsorption and also adsorbent dosage has the
least effect on it. This model showed satisfactory correla-
tion between the observed and predicted values of MTX
adsorption efficiency. Under optimal conditions, 89 % of
MTX adsorption was achieved. The kinetic and isothermal
studies were considered by non-linear regression method.
The kinetics process can be successfully described and well
fitted to the pseudo-second-order kinetic model indicating
the possible involvement of chemisorption. The adsorption
isotherms were best explained by the Freundlich model,
which indicate heterogeneous surface where the stronger
binding sites are occupied first and the binding strength
decreases with the increasing degree of site occupation.
The negative values of AG® indicate the spontaneous nat-
ure of MTX adsorption on the adsorbent and negative
values of AS® confirms a decrease of randomness of the
adsorbent/solution. The negative value of AH" reveals the
exothermic nature of the adsorption and in this case elec-
trostatic interactions are dominant.

Experimental
Reagents and materials

Multi-walled carbon nanotubes (outer diameter 5—15 nm,
length about 30 pum) was purchased from US Research
Nanomaterials, Co., Ltd. Chitosan (CS) with approximate
molecular weight 5000 and 85 % degree of distillation was
received from Novinshimiar. Methotrexate, used as a
model anticancer drug was obtained from the Sigma
Aldrich Co. Fe;0,4 nanoparticle (15-20 nm) was received
from US Research Nanomaterials, Co., Ltd. The other
reagents of analytical grade were purchased from Merck
Co. Ltd and they were used without further treatment.

Instrumentation

Fourier transform infrared (FT-IR) spectra were recorded
by using the FT-IR spectrophotometer (Buker Tensor 27
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FT-IR). Thermal gravimetric analyses (TGA) were carried
out on a differential scanning calorimeter (Perkin Elmer-
USA) with a heating rate of 10 °C min~' under nitrogen
environment. Scanning electron microscope (SEM) model
AIS 2100 from Soren technology is used to obtain mor-
phological information of the surface. X-ray diffraction
(XRD) measurements were performed on powdered
samples in a Bruker Advance D8 X-ray diffractometer.
The voltage and current used were 40 kV and 30 mA,
respectively, and XRD patterns were obtained in the 20
range of 10°~70° at 5° min~' scanning speeds. Carbon,
hydrogen and nitrogen contents of the samples were
determined (CHN techniques) using a Vario EL III ele-
mental analyzer. The concentrations of the MTX solution
were determined with a UV-Vis spectrometer (Cam Spec
model M350). Raman scattering spectra obtained at room
temperature using a Horiba JobinYvon high-resolution
Lab Ram Raman microscope system equipped with a
charge-coupled detector, confocal microscopy and a CCD
detector.

Preparation of M-CS-MWNTs

For synthesis of M-CS-MWNTSs NP hybrids first, 1.0 g of
MWNTs was purified by refluxing at 80 °C in concen-
trated HCl for 12 h, followed by filtration with a
Millipore membrane (pore size 0.22 pm) and a careful
rinse with ultrapure water till the filtrate was neutral.
Then, 1.0 g of purified MWNTSs was refluxed in a mixed
acid (concentrated H,SO, + HNO5;, 75:25 vol%) at
80 °C for 24 h [46]. The suspension was cooled and
diluted with ultrapure water, followed by filtration and
rinsing as above. The sample was dried in vacuum at
40 °C for 24 h. For the synthesis of M-CS-MWNTs
hybrids briefly, the obtained carboxylated MWNTs
(40 mg) were sonicated in CS solution containing
5.0 cm® of 2.0 mg cm™> CS in acetic acid solution and
0.4 g Fe30,4 for 20 min. The mixture was mechanically
stired for 16 h. A black product (M-CS-MWNTs)
appeared and was separated from the reaction system by
a magnet and washed for three times with ethanol and
distilled water, respectively. Finally, M-CS-MWNTs were
dried in an oven at 353 K under atmospheric condition.
The product was subjected to thermogravimetric analysis
to determine the degree of polymerization. The analysis
of TGA data shows 18.8 % of polymeric chains are
coated to the surface of MWNTs.

Adsorption of drug on functionalized MWNT's

In a typical experiment, about 50 mg of M-CS-MWNT's was
incubated with 50 cm® of MTX solution (20 mg dm*3).

Then it was placed to the thermostat shaker at 100 rpm and
25 °C. The initial pH of the MTX solutions was adjusted by
adding 0.01 M HCI or NaOH. For different time interval,
5.0 cm® of dispersion was drawn and M-CS-MWNTs
adsorbent was separated immediately by a magnet from
treated solutions. Residual MTX concentration in the
supernatant was obtained using a UV—Vis spectrophotome-
ter at Apnax = 372 nm. Adsorbed amount of MTX per unit
weight of dry M-CS-MWNTs at time ¢, and equilibrium [g,
and ¢, (mg g_l)] and removal efficiency () of MTX were
calculated by Eqgs. (11)—(13), respectively:

CO_C[
= \% 11
q: n (11)
CO_Ce
e — Vv 12
q - (12)
Co— Ce
n=-—""°x100% (13)
Co

where Cy, Ce, and C, (mg dm™?) are the MTX concentra-
tions at initial, equilibrium, and time ¢, respectively,
\% (dm3) is the solution volume and m (g) is the mass of
nanocarrier used.

Drug loading optimization via full factorial design
method

Full factorial design method, as a generic means of opti-
mization, was applied to optimize the drug loading on
M-CS-MWNTs through a decreased number of the
experiments. Based on preliminary study of the effect of
parameters on the drug loading, Minitab 16 software was
applied for designing the experiment. Four variables at two
levels: low and high were taken, which were represented by
transforming values of —1 and +1, respectively. The val-
ues of these selected variables are shown in Table 1. Four
parameters; pH, time, drug concentration, and M-CS-
MWNTs dosage, were identified as key factors affecting
the drug loading. The significance of the model and the
regression coefficients were estimated by analysis of vari-
ance (ANOVA) combined with the application of Fisher’s
F test as well as Student T test at a probability P value of
0.05.
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