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Abstract. Till date, several studies have reported magnetic drug targeting as well as passive drug delivery. In this study,
the passive characteristic of PEGylated carriers with a neutral surface charge rather than chitosan (CS)-based nanoparticles (NPs) with a positive charge was proved using molecular docking. The complete and without flaw stealth CS-coated
magnetic NPs (mNPs) loaded with an anticancer drug for intravenous drug delivery were prepared using a modified ioniccrosslinking method. The physicochemical properties of the prepared magnetic-CS NPs were characterized in detail. The
transmission electron micrographs of NPs showed an uniform particle morphology with an average diameter of smaller
than 10 nm. The average IC50 values of the drug in PEGylated NPs for MCF-7 and PC-12 cells were 44 and 72 lM,
respectively. The fabricated stealth NPs can increase the cytotoxicity and cell permeability of formulation that may
release the entire drug in targeted shape to objective tissues that were firstly proved by molecular docking. This strategy
showed a reduction in uptaking of mNPs by the reticuloendothelial system, which indeed increases the concentration of
therapeutic agent(s) in the target site.
Keywords. Chitosan; targeted drug delivery; passive drug delivery; PEGylation; ex vivo study; carbohydrate
recognition domains.

1.

Introduction

Tumour-targeted drug delivery has been applied to treat just
cancerous tissues, due to the high cytotoxicity of anticancer
drugs compared to normal ones. These systems can improve
the efficacy of chemotherapy agents whereas decrease the
systemic cytotoxicity of these drugs to cancerous tissue
[1,2]. Inorganic/organic nanoparticles (NPs) play a significant role in drug delivery applications owing to their submicron sizes. It has been reported that the highly crystalline
and monodisperse magnetic NPs (mNPs) possess target
drug delivery, magnetic resonance imaging and cell separation properties [3,4]. Iron-oxide-based NPs with superparamagnetic properties are commonly used as
magnetically responsive agents, which can be guided in the
body by an external field [5]. Knowing the biocompatibility

and non-toxicity of mNPs, due to the large surface area of
mNPs, they can be suitably modified to attach biomedical
agents for medical applications [6].
mNPs are physiologically inert. After intravenous injection of mNPs, these particles are subjected to adsorption by
plasma proteins and opsonized by the reticuloendothelial
system (RES) [7]. The surface modification of mNPs,
coating with hydrophilic polymers, proteins and bioagents,
decreased their opsonization and allowed mNPs to remain
in the blood for a prolonged time [8]. Also, iron-oxide
mNPs have been investigated in targeted therapy [9]. Chitosan (CS) has been investigated in pharmaceutical science
to develop drug delivery systems, and for coating of inorganic particles and fabrication of hybrid carriers [10,11].
However, due to the positive surface charge of these NPs
and their uptake by the immune system and RES, several
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studies focused on improving the half-life of CS-based
nanocarriers after administration using coating carriers with
hydrophilic neutral polymers [12–14].
Biological barriers have high potency in removal of CSbased drug delivery systems from blood circulation. It is
necessary to prepare architected NPs to overcome these
biological barriers in drug delivery [15]. Polyethylene
glycol coating (PEGylation) of NPs was used for the
passivation of carriers due to their neutral charge [16,17].
Several studies focused on the mechanism of this passivation; understanding the endocytosis mechanism of NPs
could help their design [18,19]. The mannose receptor
(MR) may be considered as a prototypical cell surface
pattern recognition receptor. This receptor on the macrophages and liver endothelium mediates clearance of
pathogenic organisms and potentially harmful glycoconjugates [20]. Some studies focused on the determination of
the crystalline structure of carbohydrate recognition
domains (CRD-4). The receptor contains eight tandem
lectin-like CRDs that can recognize mannose, fucose, Nacetylglucosamine and glucose [21].
The main aim of our study was to provide new insights
into the selection of PEG for passivation of positivecharged carriers based on molecular docking. In addition,
the prepared NPs were characterized with regards to morphology, size and drug loading. Furthermore, in vitro drug
release, drug release kinetics and in vitro cell lines’ cytotoxicity and ex vivo study of an intestinal sac model of
formulations were investigated.

2.
2.1

Materials and methods
Materials

Fe(II) chloride tetrahydrate (99%), Fe(III) chloride hexahydrate (97%), PEG 4000 and acetic acid were obtained
from Merck (Darmstadt, Germany). Low molecular weight
CS polymer (150 kDa) with a degree of deacetylation of
80–85%, methotrexate (MTX) powder and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (St Louis, MO, USA).
Tripolyphosphate (TPP) was purchased from Daejung Co.
(Korea). All chemicals were of analytical grade and used
without further purification.

2.2

Molecular docking

Molecular docking was performed using Auto Dock 4
software. At first, the structures of CS and PEG as the outer
shell of NPs were mapped using ACD/LAB (https://www.
acdlabs.com/) and after preparing 3-D coordinates, the
energy minimization and final optimization of the 3-D
structures were performed using the steep algorithm of
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Avogadro software (https://avogadro.cc/). The coordinate
file for a CRD-4 was provided from the RSCB protein data
centre coded with 1EGI [20]. Preparation of coordinate files
containing information on the charges, active torsions and
atomic type of the Auto Dock force field was performed
using the MGL tool package. To this end, Gasteiger charges
were added to each atom and torsion activation was set for
ligands. The search space was centred on Ca atoms and a
box of 80 9 80 9 80 was chosen for ligand searching.
Preparation of energetic maps of involved atom types, in the
search space, was performed using Autogrid4 software.
Finally, the interaction structures with the lowest energy
were obtained using Lamarck’s genetic algorithm from 200
runs.

2.3

Synthesis of Fe3O4 NPs and PEG-modified NPs

Iron-oxide NPs were obtained by using a chemical precipitation method with some modifications [22]. Briefly,
FeCl35H2O and FeCl24H2O salts were mixed in a 2:1
molar ratio in distilled deionized water at 60°C under an N2
atmosphere, by stirring at 250 rpm for the specified time.
Then, upon addition of 8 M NH4OH to the solution, the
colour of the mixture turned from yellow to black immediately. The synthesized Fe3O4 NPs were then rinsed with
ethanol solution and dried using a desiccator.
The CS solution was prepared by dissolving the CS
polymer in 1% acetic acid. Briefly, mNP suspensions were
added to the CS solution with vigorous probe sonication
(20 kHz, 600 W, Sonopuls HD 2070, Bandelin Co., Berlin,
Germany). Then, MTX was added to the mNP-mixed CS
solution and vortexed for 15 min. Finally, the NPs were
prepared by introducing a cross-linking agent to the solution. The CS-mNPs were separated using a magnet, and the
sediment particles were further freeze-dried and stored at
4°C. For passivation of NPs, the CS-mNPs were distributed
in the PEG solution (phosphate-buffered saline (PBS), pH
6) and stirred for additional 2 h. The obtained NPs were
collected using a magnet and freeze-dried.

2.4

Characterization of synthesized mNPs

The mean particle size, polydispersity index (PDI) and
surface charge of the formulations were measured by photon correlation spectroscopy (PCS) (Malvern Zetasizer ZS;
Malvern, UK). Transmission electron microscopy (TEM;
JEOL JEM-2000 EX II, USA) was conducted to study the
morphology and size of NPs. An aqueous dispersion of the
particles was placed onto a carbon grid, and the grid was
air-dried under vacuum at room temperature before imaging
[23]. Fourier-transform infrared (FT-IR) spectroscopy of
NPs was conducted using an FT-IR spectrophotometer (IRprestige 21, Shimadzu Co., Japan). The attenuated total
reflection (ATR) investigation was carried out by using the
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FT-IR spectrophotometer. Thermogravimetric analysis
(TGA) and differential thermal analysis (DTA) of the fabricated NPs were investigated using TG 209 F3 Tarsus
(NETZSCH Instruments Co., Germany). The magnetization
of the prepared NPs was measured on a vibrating sample
magnetometer (HH-15, Nanjing University Instrument
Plant, China) at room temperature.

2.5 Determination of entrapment efficiency percent
and loading capacity percent
The entrapment efficiency (EE) and loading capacity (LC)
of incorporated MTX were determined by spectrophotometric studies at 302 nm using a spectrophotometer (UV
mini 1240, Shimadzu Company, Japan) using the direct
method. Briefly, 10 mg of CS-NPs, CS-mNPs and PEG–CSmNPs were dispersed in PBS. After sonication in a bath
sonicator (Elmasonic S 4 H, Elma Co., Germany) and
sedimentation of the drug-free carriers, the absorbance
value of the supernatant was measured. The EE% and LC%
of the NPs were calculated using equations (1 and 2):
 
Wa
EE ð%Þ ¼
 100;
ð1Þ
Wt


Wa
LC ð%Þ ¼
;
ð2Þ
Wa þ Wm þ Wp
where Wt, Wa, Wm and Wp are the weights of the drug added
to the system, the analysed weight of the drug, the weight of
mNPs and the weight of added polymers during the fabrication of carriers, respectively.

2.6

In vitro release and kinetics evaluation

The in vitro MTX release from NPs was studied using Franz
diffusion cells [24]. Briefly, 10 mg of CS-NPs, CS-mNPs
and PEGylated CS-mNP suspension in PBS (0.1 M, pH 7.4
as a sink condition) were placed on the donor site of the cell
(37°C with the rotation of 400 rpm). At specified time
intervals, 1 ml of the receptor was replaced with the fresh
PBS. To determine the concentration of the MTX, the
samples were analysed at 302 nm using a
spectrophotometer.
Several methods including the analysis of variance
(ANOVA), model-independent and model-dependent
approaches were applied to evaluate the release kinetics of
drugs. Model-dependent approaches were performed to
measure MTX-releasing profiles from carriers in this study.
In model-dependent technique, released data were fitted to
the zero-order (equation (3)), first-order (equation (4)),
Higuchi (equation (5)), Peppas–Korsmeyer (equation (6))
and Hixson–Crowell (equation (7)) release equations to
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define the equation with the best regression coefficient (R2)
[25]:
C ¼ K0 t;

ð3Þ

Log C ¼ Log C0  Kt=2:303;

ð4Þ

Q ¼ Kt1=2 ;

ð5Þ
n

Mt =M1 ¼ Kt :

ð6Þ

To characterize different release mechanisms, for n \0.5
Fick diffusion and for n between 0.5 and 1.0 or n [ 1.0, the
mass transfer following a non-Fickian model was obtained:
ﬃﬃﬃﬃﬃﬃ
ﬃﬃﬃﬃﬃﬃ p
p
3
W0  3 Wt ¼ Kt:
ð7Þ
2.7

The in vitro cell lines’ cytotoxicity assessment

The cytotoxicity of optimized formulations was measured
by MTT assay to assess the viability of the cells. The MCF7 breast cancer cells and PC-12 cells as irrelevant control
were seeded into 96-well plates at a density of 1.5 9 10-4
cells per well and incubated for 24 h to allow the adherence
of cells. Different concentrations of MTX, drug loaded CSmNPs and PEG–CS-mNPs were used for MTT assay.
2.8 Para cellular transportation model studies using
intestinal sac model
Male Wistar rats (250–300 g) were used for the permeation
experiments. Sac was inverted carefully using a glass rod,
washed to separate any adherent and tied. Each sac was
filled with 2 ml Krebs–Henseleit bicarbonate (KBH buffer,
pH 7.4) as the basolateral part and individually placed in
one batch of Schuler Organ band (Hugo-Sachs Elektronik
Co., Germany) containing 40 ml KBH buffer which was
bubbled with carbogen gas at 37°C. Each batch contained
50 and 100 lg ml-1 MTX or CS-mNPs and PEG–CS-mNPs
with the same amount of MTX.
A volume of 300 ll of the basolateral part at the end of
defined intervals were collected carefully and were replaced
with an equal volume of fresh KBH. The Papp was calculated according to equation (8):
Papp ¼

dQ
1

;
dt AC0

ð8Þ

where C0 is the initial concentration of MTX on the apical
side, dQ/dt is the MTX permeation rate (lg min-1) and A is
the surface area of the sac (cm2).
2.9

Statistical analysis

All experiments including in vitro release, cytotoxicity and
kinetic investigation were performed at least three times,
and the results were presented as their average ± standard
deviation (SD). One-way ANOVA was used to confirm the
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differences among the means and evaluations of data of all
experiments using 2010 Microsoft Excel software with pvalue \0.05.

3.
3.1

Results
Molecular modelling

Molecular modelling methods were used to evaluate the
interaction of CS and PEG as surface carrier polymers with
cell surface MRs of CRD-4. This receptor has been introduced as the core of the interaction of pathogenic carbohydrate patterns with macrophage cells [20]. The docking
results are presented in table 1. A scheme for the interaction
of the segments of CS and PEG as surface polymers of
CS-mNPs and PEG–CS-mNPs with CRD-4 is shown in
figure 1. As can be seen, the interaction of CS and carbohydrate receptor is much stronger (DG = -8.7) at the site of
interaction compared to PEG (DG = -4.3). The PEG is
poorly bonded to the protein of MRs on the macrophage
system, and it is not likely to make a stable connection with
them. Therefore, this hydrophilic polymer could be suitable for the passivation of CS-based carriers in blood
circulation.

Table 1. Molecular dynamic interaction results of CRD-4 with
the outer surface of carriers.
van der Walls

Electrostatic

Total

-2.4
-3.1

-6.3
-1.2

-8.7
-4.3

CS
PEG

Figure 1.

3.2 Characterization of CS-coated magnetic and stealth
NPs
Iron-oxide mNPs with supermagnetic behaviour were prepared by the chemical co-precipitation of ferric and ferrous
salts in an alkaline medium. To preserve the magnetic
characteristic, N2 was used in all parts, ethanol was used to
rinse the particles and mNPs were dried in a desiccator
under vacuum. Before loading of mNPs, these particles
were probe-sonicated and added dropwise to the CS-containing MTX solution. CS was used as a dispersing agent to
prevent the aggregation of mNPs. TPP was added to prepare
the CS-coated mNPs (CS-mNPs) as a fabrication reagent in
contrast to Chen et al [5] who prepared CS-mNPs in the
absence of a cross-linker. Table 2 shows the characteristic
results of the obtained formulations.
The TEM images of the freshly prepared CS-mNPs and
PEG–CS NPs are shown in figure 2. As figure 2 illustrates,
the black regions correspond to mNPs which are covered
with a polymer layer. The mNPs showed an uniform particle morphology for mNPs in both CS-mNPs (a) and
PEGylated CS-mNPs (b), respectively. The average diameter of the obtained CS-mNPs for both formulations was
around 100 nm. TEM micrographs of the polymer-coated
mNPs indicated that several Fe3O4 NPs were entrapped
inside the CS shell (figure 1). Our results revealed that the
size of magnetic particles is around 5 nm for mNPs with
superparamagnetic characteristic [5].
The mean particle size and PDI of the NPs loaded by
mNPs and MTX were measured by PCS. As a result, the
mean particle sizes of 150–200 nm were obtained for drugloaded NPs. Furthermore, our data demonstrated PDI values
of 0.28 and 0.34 for the MTX-loaded CS-mNPs and PEG–
CS-mNPs, respectively. These values ascertained that the
obtained NPs have a narrow size distribution and
monodispersity. However, due to the magnetic behaviour of
formulations which leads to the absorption of NPs in the

Molecular dynamic interaction results of CRD-4 with the outer surface of (a) CS and (b) PEG residues.
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Table 2.

CS NP characterization.

Formulation
CS NPs
CS-mNPs
PEG–CSmNPs

Page 5 of 10

EE%

LC%

67.11 ± 4.57 13.42 ± 0.91
75.19 ± 3.02 12.53 ± 0.50
59.94 ± 3.66 5.99 ± 0.36

Surface charge
(mV)
? 33.60
? 30.12
? 1.50

For preparation of all formulations, 20 mg dissolved CS with
adjusted pH of 5, 5 mg of mNPs were used (mean of three
experiments ± SD, RSD \ 7%).

suspension, the PCS technique should not be considered as
a suitable method to investigate the particle size.
Different NPs including pure mNPs, CS, PEG–CS-mNPs
and CS-mNPs were analysed by FT-IR spectroscopy (data
not shown). The FT-IR spectra of the NPs show the presence of the magnetite and polymer peaks. For CS-mNPs,
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the presence of Fe3O4 mNPs needs to be confirmed by
observing the strong peak at around 550 cm-1 indicating the
Fe–O bond. The presence of the absorption peaks at 3,300
and 2,881 cm-1 in the PEG–CS-mNP spectrum corresponds
to the O–H stretching band and the aliphatic C–H stretching, respectively. However, the peak at 1,080 cm-1 was due
to –OH and –COH of PEG [26] which indicates the
PEGylation of particles. The absence of mNP peaks around
1,400–1,450 and 1,600 cm-1 in the ATR spectrum of the
NPs indicated the complete entrapment of mNPs in the shell
of the polymer [27]. The spectra of 1,000–1,150 cm-1 could
be selected for determination of TPP [28]. Therefore, the
presence of characteristic peaks of TPP around 1,053, 1,093
cm-1 and 1,045, 1,064 cm-1 in the CS-mNPs and PEG–CSmNPs is due to the surface restriction of this agent in the
carriers (data not shown). PEGylation of the carrier leads to
the reduction of characteristic absorbance of CS NPs as
demonstrated.
The magnetic properties of Fe3O4 NPs and polymercoated mNPs are shown in figure 3. From the

Figure 2. TEM micrographs of freshly prepared NPs: (a) CS-mNPs and (b) PEG–CS-mNPs (the black dots correspond to mNPs and the
grey shell is the polymeric coating).

Figure 3. Vibrating sample magnetometer spectra of mNPs and polymer-coated mNPs.
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magnetizations of 79.4 and 17.3 emu g-1 correspond to
mNPs and CS-mNPs, respectively. This diminution in the
magnetization values is due to the lower weight of mNPs
in the polymeric NPs than that of pure mNPs and also
coating of mNPs with CS as a covering agent. The synthesis solutions were also degassed in all stages to prevent
reduction of magnetization.
TGA and DTA results are displayed in figure 4. For the
specified amount of CS polymer, the earlier weight loss was
observed in 200–400°C with the maximum degradation rate at
300°C. This temperature was determined from the peak temperature of the DTA curve (Tp) [30]. The complete thermal
decomposition of CS occurred at around 600°C and at a higher
temperature. Moreover, the weight loss of PEG was also
similar to that of CS, which is due to possessing a common
hydrocarbon base. Although no weight loss was demonstrated
for Fe3O4 mNPs around 300°C, a 20.51% weight loss was
observed for CS-coated magnetite which is due to the
decomposition of polysaccharide units at this temperature.
This result is consistent with Li et al’s [31] finding.

3.3

Figure 4. TGA and DTA images of formulations including pure
polymer, pure mNPs, polymer-coated magnet and optimum
PEGylated NPs.

magnetization curve, the obtained remanence and coercive
force should be zero. This was achieved by the magnetization of residues in the applied field, which reduces
magnetization to zero [5]. As illustrated in figure 3, no
magnetic hysteresis loop was observed, representing the
superparamagnetic performance of the obtained mNPs.
The superparamagnetic behaviour is a significant property
that is required for magnetic responsive drug delivery
systems. This is expected for Fe3O4 magnetic materials
with the size of less than 10 nm; around 5 nm [3,29]. This
result corroborates the monodispersity of mNPs in CSmNPs as shown in TEM micrographs. The saturated

In vitro drug release and kinetic characterization

The in vitro release profile of MTX in PBS buffer (pH 7.4),
under sink conditions, is summarized based on cumulative
percentage release (figure 5). A Franz diffusion cell was used to
carry out the experiment. The delayed part at the beginning of
the graph is due to the diffusion of drug molecules through the
polymeric matrix to the dissolution medium. Fe3O4 NPs have
some functional groups including hydroxyl [32]. The release of
MTX in the presence of mNPs is slightly under control compared to nonmagnetic CS NPs that is due to the electrostatic
interactions between the drug and the Fe3O4 NPs. As was
observed for the other formulations, PEGylated CS-mNPs
showed a delayed MTX release, followed by the controlled drug
release as well. However, for all formulations, the controlled
release was achieved after the initial release. Due to the side
effects of MTX on normal cells particularly at high doses, using
a stepwise release of MTX, the amount of released drug from
our formulation (2.5 mg per 10 mg NPs) was retained at the
therapeutic dose for 35 h, which is comparable to the standard
dose of MTX [33]. However, the more intense cytotoxicity
effect of the encapsulated drug is obvious compared to free
drugs.
The R2 and dissolution rate constant (K) values of drug
release data of all formulations were obtained by the curvefitting method for various kinetic models, and are reported
in table 3. Regarding the release model of all formulations,
MTX release from formulations followed the Hixson
equation and the related R2 was better than others for its
kinetics model. The values of release exponent ‘n’
according to Korsmeyer–Peppas for CS, CS-mNPs and
PEG–CS-mNPs were also calculated to be 0.942, 1.004 and
0.891, respectively.
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Figure 5. In vitro MTX release from the obtained optimum carriers under sink conditions corresponding to MTX solubility (PBS: pH
7.4, 0.1 M; error bars are expressed as SD: n = 3 and the RSD \ 7.5%).
Table 3.

R2 and K (lg ml-1 h-1/2) values obtained from in vitro release kinetics.

Formulas
CS NPs
CS-mNPs
PEG–CS-mNPs

Zero-order
K
R2
K
R2
K
R2

0.026
0.91
0.024
0.92
0.027
0.84

±
±
±
±
±
±

0.0012
0.010
0.0010
0.00
0.00058
0.0057

First-order
0.029
0.59
0.039
0.57
0.40
0.47

±
±
±
±
±
±

0.0053
0.026
0.00058
0.015
0.00058
0.01

3.4 In vitro cell line and ex vivo intestinal tissue model
study
The cytotoxic activity of MTX-loaded NPs against MCF-7
(breast cancer cell lines) and PC-12 cell lines after 24 h of
exposure to different concentrations of MTX, drug-loaded
CS-mNPs and PEG–CS-mNPs was evaluated by the MTT
assay. The dose–effect curves were generated and sensitivity of the cell lines to the investigated formulations was
expressed as a concentration (lM) that inhibits the growth
of 50% (IC50). All the experiments were conducted in
triplicate. A p-value less than 0.05 was considered statistically significant. The results revealed that there is no
cytotoxicity effect against cell lines for the void CS NPs and
mNPs within the tested concentrations (figure 6).
The apparent permeability coefficient (Papp) values were
obtained for free and encapsulated MTX at pH 7.4 in the
everted intestinal sacs. The transport of MTX in encapsulated form was increased as compared to the free form of

Higuchi model
18.01
0.97
16.68
0.98
19.68
0.96

±
±
±
±
±
±

0.53
0.011
0.42
0.0057
0.28
0.0058

Korsmeyer–Peppas model
0.058
0.93
0.037
0.96
0.045
0.94

±
±
±
±
±
±

0.013
0.017
0.007
0.0057
0.0055
0.01

Hixson
0.013
0.97
0.011
0.98
0.012
0.97

±
±
±
±
±
±

0.0011
0.021
0.0058
0.00057
0.00058
0.0057

the drug (figure 7). For all data, the relative standard
deviation (RSD) is \7% indicating that the data are tightly
clustered around the mean.
Our observation of the everted intestinal sacs showed no
damage during the experiment, indicating a normal function. The CS coating had a positive effect on the Papp of
MTX. Also, this positive effect was increased for PEGylated NPs as presented. From an ex vivo study on rat
intestine, as a model membrane with tight junctions, the
positive effect of PEGylation of NPs on drug diffusion was
observed from the tumour tissue at the desired site.

4.

Discussion

A combination of targeting agent and passivation, enhanced
the coating of the low tumour accumulation, which results
in a high exposure time of tumour tissues to the cytotoxic
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Figure 7. Papp of MTX across inverted intestinal walls at 50 and
100 lg ml-1 concentration (error bars are expressed as SD: n = 3
and the RSD \ 7%).

Figure 6. Cell viability of (a) PC-12 and (b) MCF-7 cell lines
after treatment with different concentrations of MTX, drug-free
NPs, mNPs, MTX-loaded CS-mNPs and PEG–CS-mNPs (each
value stands for the mean of three experiments ± SD, RSD\10%
and p-value \ 0.05).

agent and the plasma half-life of the drug increased,
respectively.
Knowing that the positively charged carriers and mNP
are absorbed by the immune system, the passive targeting of
mNPs for cancer treatment is an important issue. Wang et al
[34] reported the shorter blood distribution and lower
tumour accumulation of positively charged nanomedicine
as compared to neutral and anionic counterparts. Salatin and
Yari Khosroushahi [35] studied the cellular uptake mechanism of polysaccharide colloidal NPs. Vieira et al [19]
prepared mannosylated solid lipid NPs for the selective
delivery of rifampicin to macrophages. MR is a surface
C-type lectin receptor expressed by macrophages and dendritic cells, which is involved in the removal of diverse
microbe-bearing MR ligands as well as host-derived ligands
[36]. Han et al [37] investigated the role of MR in

oligochitosan-mediated stimulation of macrophage
function. This group proved the significant role of MR in
oligochitosan uptake and conduction of oligochitosan
stimulatory outcome on the macrophage. The PEG–CSmNPs displayed a neutral surface charge. This behaviour
showed an insignificant protein binding [38,39] when NPs
were mixed with serum in the blood, resulting in a little
RES uptake, and a higher tumour accumulation and indeed
a better cancer treatment.
The mean IC50 values of MTX for the CS-mNPs in MCF7 and PC-12 cell lines were 125 and 110 lM and those for
PEG–CS-mNPs were 44 and 72 lM, respectively. The
PEGylation of drug carrier caused high cytotoxicity on
MCF-7 as a cancerous cell line [40]. Although, for the PC12 cell line as neuron-like cells the PEGylation could not
increase the cytotoxicity similar to MCF-7 cancerous cells
with higher growth compared to PC-12 cells. However, free
MTX in both cell lines does not reach IC50 value. It is stated
that MTX-loaded NPs have a higher chance of passing
through cellular membranes compared to the free drug. For
instance, Farjadian et al [41] reported the IC50 of 125.4 lM
for MTX in the MCF-7 cell line using hydroxyl-modified
MTX-coupled mNPs, whereas in our study the IC50 has
been decreased by three-fold. This phenomenon could be
due to the PEGylation of the drug carrier. It is notable that
PEG-molecules are known to be inert and
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non-immunogenic with significant water solubility having a
positive effect on cell viability [42]. Therefore, the PEGylation of CS has obvious effects on decreasing IC50. This
reduction was more obvious for MCF-7 cell lines. These
data were closely paralleled with the cell viability studies
conducted by Arranja et al [43] using a lipid–PEG
nanosystem on paclitaxel delivery. Moreover, Mehrabi et al
[44] investigated the cell viability of PEGylated liposomes
that showed higher cytotoxicity of etoposide on the MCF-7
cell line as compared to other cell lines, which is in good
agreement with our result.

5.

Conclusion

In this study, the stealth active PEG–CS-mNP-loaded anticancer drug was successfully prepared using probe sonication followed by the ionic-crosslinking method. The IC50
value on the MCF-7 cell line was decreased upon PEG
coating. The obtained carrier facilitates the drug diffusion in
the intestine sac as evidenced by the diffusion and accumulation of drugs in breast cancer tissue. Application of
these types of strategies can increase the half-life of the
drug and systemic cytotoxicity with fewer side effects. The
in vitro drug release under sink conditions showed the
controlled drug delivery of MTX from the obtained stealthtargeted carrier. The drug release data indicate the mass
transfer of MTX from the fabricated nanocarrier following a
non-Fickian model. As indicated in the literature, this
strategy shows a reduction in uptaking of mNPs by the RES,
which indeed increases the concentration of therapeutic
agent(s) to the target site.
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