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Abstract: This study shows the effectiveness of magnetic-guide targeting in the delivery of curcumin
diethyl γ-aminobutyrate (CUR-2GE), a prodrug of curcumin (CUR) previously synthesized to over-
come unfavorable physicochemical properties of CUR. In this study, chitosan (Ch)-coated iron oxide
nanoparticles (Ch-IONPs) were fabricated and optimized using Box–Behnken design-based response
surface methodology for delivery of CUR-2GE. Ch was used as a coating material on the nanoparticle
surface to avoid aggregation. The optimized condition for preparing Ch-IONPs consisted of using
4 mg Ch fabricated at pH 11 under a reaction temperature of 85 ◦C. The optimized Ch-IONPs were
successfully loaded with CUR-2GE with sufficient loading capacity (1.72 ± 0.01%) and encapsulation
efficiency (94.9 ± 0.8%). The obtained CUR-2GE-loaded Ch-IONPs (CUR-2GE-Ch-IONPs) exhibited
desirable characteristics including a particle size of less than 50 nm based on TEM images, super-
paramagnetic property, highly crystalline IONP core, sufficient stability, and sustained-release profile.
In the presence of permanent magnets, CUR-2GE-Ch-IONPs significantly increased cellular uptake
and cytotoxicity toward MDA-MB-231 with a 12-fold increase in potency compared to free CUR-2GE,
indicating the potential of magnetic-field assisted delivery of CUR-2GE-Ch-IONPs for the treatment
of triple-negative breast cancer.

Keywords: iron oxide nanoparticles; magnetic targeting delivery; prodrug; Box–Behnken design;
cytotoxicity

1. Introduction

Magnetic nanoparticles, commonly made of iron oxide nanoparticles (IONPs), have
attracted some attention as a treatment option for cancer due to their multifunctional
properties, biocompatibility, and low toxicity in the human body [1]. Moreover, IONPs can
be controlled by a magnetic force applied to a target site and can decrease the distribution
of drugs, thus reducing the unwanted effects of drugs on healthy cells [2]. However,
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uncoated IONPs easily aggregate and are recognized by the immune cells, resulting in
rapid elimination from the body [3]. A surface coating has been used to enhance the
blood circulation time of the IONPs. Several studies have employed polymers due to their
biocompatible, biodegradable, and non-toxic properties [4]. In addition, the synthesis of
IONPs has some critical conditions that must be optimally controlled, such as particle size,
shape, surface coating, etc., because they facilitate diffusion, increase the accumulation of
IONPs at the targeted site, and prevent the IONPs from being easily eliminated from the
body system [5–8].

Among the commonly used types of iron oxide, including hematite, maghemite, and
magnetite, the latter has been the most promising due to its versatile properties and mainly
because of the existence of clinically approved magnetite products as an iron supplement
and contrast agent for magnetic resonance imaging [9]. However, its potential use in the
magnetic targeting of compounds with promising health benefits is still a work in progress.

For decades, natural polymers have played a significant role as biocompatible coatings
for IONPs. Chitosan (Ch), in particular, can confer the colloidal stability of the IONPs,
provide mechanical integrity to the NP system, and provide functional groups suitable for
encapsulating bioactive compounds [10]. Ch has been widely used due to its biodegradable,
biocompatible and non-toxic properties. Ch provides a hydrophilic surface coating for
stability in physiological environments. The reduced toxicity of IONPs toward healthy
tissues can also be attributed to the surface coating [11]. Moreover, the functional groups of
Ch can promote colloidal stability, both for the storage of the formulation and when the
Ch-coated materials come into contact with biological fluids [12].

Curcumin (CUR) has been widely used as a food supplement due to its reported phar-
macologic actions such as antioxidative [13–16], anti-inflammatory [15,16], anticancer, and
antimicrobial agent [17–19]. However, its low bioavailability and quick elimination hamper
its biomedical applications, forcing an increase in the required amount of CUR to ensure its
sufficient intracellular concentration. To overcome the unfavorable physicochemical prop-
erties of CUR, we have recently synthesized curcumin diethyl γ-aminobutyrate (CUR-2GE),
a carbamate prodrug of CUR with enhanced anti-neuroinflammatory properties [20,21].
However, CUR-2GE is poorly water-soluble, which can be improved by encapsulating it in
nanoparticle formulations.

IONPs are widely used as nanomaterials in cancer treatment, especially in drug
delivery. The drug-loaded IONPs enter the body by intravenous or arterial injection [22].
Then, they can be directed to the target site by applying an external magnetic field. However,
IONPs have many limitations regarding circulation time in the body. They are unstable
colloids, easily form aggregates, and are quickly removed by the mononuclear phagocytic
system (MPS) [3]. The critical conditions such as size, shape, surface coating, surface
charges, and stability must be examined and optimized in synthesis. The optimized
conditions of magnetic nanoparticles can prolong their blood circulation time in the body
and increase the administration of magnetic nanoparticles to the targeted site [5–8]. There
are no studies on the anticancer potential of the CUR-2GE prodrug. It would be interesting
to take advantage of the unique properties of IONPs to target the delivery of CUR-2GE in
cancer cells. This was the first study to fabricate a magnetic-responsive delivery system
for CUR-2GE using Ch as the coating material and IONPs as the magnetic-responsive core
(CUR-2GE-Ch-IONPs) for breast cancer treatment.

Therefore, this study was undertaken to develop CUR-2GE-Ch-IONPs with desirable
attributes for magnetic targeting delivery. We first designed and optimized Ch-IONPs
using Box–Behnken design (BBD)-based response surface methodology (RSM). CUR-2GE
was then loaded onto the optimized Ch-IONPs. The storage stability and drug release of the
optimized CUR-2GE-Ch-IONPs were determined. Their cytotoxicity against MDA-MB-231
breast cancer cells was evaluated.



Polymers 2022, 14, 5563 3 of 24

2. Materials and Methods

Chemicals: CUR-2GE was adapted from a previous study [20,21]. The iron (II) chloride
tetrahydrate (FeCl2·4H2O) was purchased from Thermo Fisher ACROS Organics™ (New
Jersey, USA). The iron (III) chloride hexahydrate (FeCl3·6H2O), sodium hydroxide, and
absolute ethanol were purchased from Carlo-Erba reagents (Val de Reuil, France). Ch
(MW = 260 kDa, DD = 90.4%) was supplied by Marine Bio-Resources Co., Ltd. (Samut
Sakorn, Thailand).

Cell Culture: Human breast cancer cells (MDA-MB-231) were cultured in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% fetal bovine serum and 1% (v/v)
penicillin/streptomycin (Gibco, Canada). The cells were cultured at 37 ◦C in a humidified
atmosphere of air: CO2 at a ratio of 95:5 (v/v).

2.1. Fabrication of Ch-IONPs

The Ch-IONPs were prepared by in situ co-precipitation in the aqueous solution
of Ch and precipitation with sodium hydroxide (NaOH) using the method previously
described [23], with modifications. Briefly, the Ch solution was prepared by dissolving
various amounts of Ch powder in an acetic acid solution (0.5% v/v, 100 mL) and shaking it
at room temperature for 24 h. The Ch solution was then filtered using a 0.45-mm cellulose
acetate membrane filter to remove any impurities. Next, 10 mL of the Ch solution was
added to 45 mL of ultrapure water and stirred at 1000 rpm for 5 min using a magnetic
stirrer (Heidolph, Schwabach, Germany). Then, 10 mL of ferrous chloride (FeCl2·4H2O)
solution (50 mM) was added dropwise using an automatic syringe pump (Pump 11 Elite,
Harvard Apparatus, Holliston, MA, USA) to the aqueous Ch solution and continuously
stirred at room temperature for 1 h. Subsequently, 10 mL of ferric chloride (FeCl3·6H2O)
solution (62.4 mM) was added to the solution and stirred for 1 h. The resulting solution was
adjusted with a NaOH solution (4% w/v) to obtain solutions with various pH. The solution
was heated at different temperatures while continuously stirred for 30 min. The formed
Ch-IONPs were precipitated in the solution, separated by a magnet and washed several
times with ultrapure water. Finally, the resulting Ch-IONPs were lyophilized (FreeZone
6 Plus, Labconco, Kansas City, MO, USA) at −80 ◦C for 48 h and stored in a desiccator.

2.2. Experimental Designs
2.2.1. Single-Factor Experiments

The single-factor experiments involved three factors, including Ch (MW 75, 260, and
540 kDa), a flow rate of ferrous and ferric chloride solutions (10, 20, and 30 mL/h), and
reaction time after adding NaOH (0.5, 1, and 2 h). The responses involved particle size (nm)
and saturation magnetization (Ms) (emu/g).

2.2.2. Optimization Using the BBD-Based RSM

To optimize the fabrication of Ch-IONPs, the BBD-based RSM was investigated and
employed with Design-Expert® 13.0.5 (Minneapolis, MN, USA). Table 1 shows the main
factors, including pH (X1), amount of Ch (X2), and reaction temperature (X3), as well as
three levels of each factor (low (−1), medium (0), or high (+1) values) on the particle size of
Ch-IONPs (Y). The suitability of the polynomial equation for particle size was analyzed
using ANOVA. The response was fitted to linear, second order, and quadratic models and
then evaluated in terms of the statistical significance of the coefficients and R2 values. The
validity of the model was confirmed by fabricating the Ch-IONPs under the optimum
conditions. The percentage of error, with an acceptable value of <20%, was computed by
comparing the observed values with the predicted value of the particle size.
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Table 1. Variables used in Box–Behnken design.

Variables
Level

Low (−1) Medium (0) High (+1)

Factors
X1 = pH 8 10 12
X2 = Amount of Ch (mg) 4 12 20
X3 = Reaction temperature (◦C) 25 55 85

Response Constraint
Y = Particle size (nm) Minimum

2.3. Fabrication of CUR-2GE-Ch-IONPs

CUR-2GE was loaded onto Ch-IONPs (CUR-2GE-Ch-IONPs) using the soaking method
as previously described [24] with modifications. Typically, powdered Ch-IONPs (0.3 g)
were added into an ethanolic CUR-2GE solution (5 mL, 1 mg/mL) and mixed thoroughly
on an orbital shaker (MaxQ 6000, Thermo Fisher Scientific, Waltham, MA, USA) with the
speed of 150 rpm at room temperature for 5 h. The resulting CUR-2GE-Ch-IONPs were
collected, lyophilized at −80 ◦C for 48 h, and stored in a desiccator for further experiments.

2.4. Characterization

The particle size and zeta potential were characterized using a Zetasizer (Malvern
Nano ZS, Malvern Instruments Ltd., Malvern, Worcestershire, UK) based on the dynamic
light scattering (DLS) technique. The encapsulation efficiency (EE) and loading capacity
(LC) of CUR-2GE–Ch-IONPs were measured using the indirect [24] and direct [25] methods.
For the indirect method, CUR-2GE-Ch-IONPs were magnetically separated from the CUR-
2GE solution after soaking for 5 h, and the remaining CUR-2GE present in the solution was
measured at 401 nm using a UV-Vis spectrophotometer (Cary60, Agilent Technologies, Santa
Clara, CA, USA). For the direct method, the dried CUR-2GE-Ch-IONPs were extracted
with 1:1 PBS (pH 7.4): absolute ethanol. The CUR-2GE in the extract was determined after
magnetical separation using a UV-Vis spectrophotometer (Cary60, Agilent Technologies,
Santa Clara, CA, USA). The EE and LC of the CUR-2GE-Ch-IONPs were evaluated using
Equations (1) and (2) for the indirect and Equations (3) and (4) for the direct method:

EE (%) =
(Wi − Wr)

Wi
× 100 (1)

LC (%) =
(Wi − Wr)

Wd
× 100 (2)

EE (%) =
Ws

Wi
× 100 (3)

LC (%) =
Ws

Wd
× 100 (4)

where Wi is the initial amount of CUR-2GE, Wr is the residual amount of CUR-2GE that
remained in the CUR-2GE solution after soaking Ch-IONPs for 5 h, Ws is the amount of
CUR-2GE in the extract, and Wd is the dry mass of the CUR-2GE-Ch-IONPs.

The morphology of the CUR-2GE-Ch-IONPs was visualized using TEM (JEM 1400
Plus, JEOL, Tokyo, Japan). The surface functional group of the CUR-2GE, Ch-IONPs, and
CUR-2GE-Ch-IONPs were evaluated using an FTIR spectrophotometer (Spectrum One,
PERKIN ELMER, Waltham, MA, USA). The surface speciation, oxidation state, and elemen-
tal presence of the NPs were characterized using x-ray photoelectron spectroscopy (XPS,
Axis ultra DLD, Kratos, Manchester, UK). The thermogravimetric analysis was measured
using a thermogravimetric analyzer (TGA; TG 209 F3 Tarsus, Netzsch, Burlington, MA,
USA). The samples were processed at a heating rate of 5 ◦C/min, from room temperature
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to 800 ◦C, under a steady flow of nitrogen with a flow rate of 20 mL/min. The crystalline
phase of the CUR-2GE, Ch-IONPs, and CUR-2GE-Ch-IONPs were investigated using an
X-ray diffractometer (PW3710, Philips, Almelo, The Netherlands). The magnetic proper-
ties were measured using an in-house developed vibrating sample magnetometer (VSM;
calibrated with a 3 mm diameter Ni sphere model 730908, Lake Shore).

2.5. Storage Stability

The storage stability of the CUR-2GE-Ch-IONPs was investigated according to the
protocol described by Sorasitthiyanukarn et al. [24] with modifications. Briefly, the CUR-
2GE-Ch-IONPs were stored at 4 ◦C and 25 ◦C. At predetermined times, the physicochemical
properties, including particle size, zeta potential, EE, and LC of the CUR-2GE-Ch-IONPs,
were measured.

2.6. In Vitro Release of CUR-2GE from CUR-2GE-Ch-IONPs

The release study was performed using a previously reported method [24,26,27] with
modifications. In brief, 25 mg of the Ch-IONPs were dispersed in 5 mL (1 mg/mL) of
the ethanolic CUR-2GE and shaken at 100 rpm for 5 h. The NPs were separated from the
liquid and left to dry for 10 min. The in vitro release of CUR-2GE from the CUR-2GE-Ch-
IONPs was carried out at 37 ◦C using PBS buffers that mimic the blood pH (pH 7.4) and
intracellular tumor pH (pH 5.3) as release media. To maintain sink conditions, all release
media contain 50% (v/v) ethanol and 50% (v/v) PBS. The dried CUR-2GE-Ch-IONPs (10 mg)
were shaken in 10 mL of the release media at 100 rpm. A total of 200 µL of the supernatant
was obtained at each time point (0.25 to 24 h) and immediately replaced with the same
volume of the media. The concentration of the released CUR-2GE was measured at 401 nm.
All procedures were performed in triplicate. The cumulative release (%) was calculated
based on Equation (5):

CR (%) =
Ve ∑n–1

i=1 Cn–1+VoCn

m
× 100 (5)

where CR = cumulative amount of CUR-2GE released (%); Ve = sampling volume (mL);
Vo = volume of release medium (mL); Cn = concentration of CUR-2GE at the pre-determined
time point; and m = total amount of CUR-2GE in CUR-2GE-Ch-IONPs (mg).

2.7. In Vitro Cytotoxicity Studies

The cytotoxicity of the CUR-2GE and CUR-2GE-Ch-IONPs against cancer cell lines
was assessed using an MTT assay, following a modified procedure described by So-
rasitthiyanukarn et al. [24]. Briefly, MDA-MB-231 cells were seeded at a density of
3 × 104 cells/100 µL/well in 96-well culture plates and incubated overnight at 37 ◦C
with 5% CO2 for 24 h. The cells were washed with serum-free complete medium (CM) and
incubated with CUR-2GE or CUR-2GE-Ch-IONPs with different CUR-2GE concentrations
at 37 ◦C. The effect of the presence of the permanent magnets on the cytotoxicity results
was evaluated by comparing three different exposure times (1, 2, and 4 h) of the NP-treated
cells to the permanent magnets. The permanent magnets were placed under each well of
the culture plate and incubated at 37 ◦C for 1 h. After 1 h, the permanent magnets were
detached, and the well plate was continuously incubated at 37 ◦C for 23 h. Similar steps
were conducted for the 2 and 4 h exposure time to the permanent magnets. The Ch-IONPs,
free CM, and 0.5% (v/v) DMSO were used as controls. After a 24 h treatment, the media
were removed, and cells were washed with PBS. Then MTT (0.5 mg/mL in PBS) was added
to each well and incubated at 37 ◦C for 2 h. After that, the medium was removed, followed
by the addition of 100 µL DMSO to dissolve the formazan crystals. The optical density
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was measured at 540 nm using a microplate reader (CLARIOstar, BMG Labtech, GmbH,
Germany). Cell viability was calculated using Equation (6):

Cell viability (%) =
Nt

NC
× 100 (6)

where Nt and Nc are the optical densities of the treated and untreated (control) cells,
respectively.

2.8. Live/Dead Cell Staining

To visualize the live/dead cells, MDA-MB-231 (3 × 104 cells/well) were seeded into
a 24-well plate and were treated with CUR-2GE-Ch-IONPs containing various CUR-2GE
concentrations (1.33, 5.34, 21.33 µg/mL) with and without 4 h exposure to the permanent
magnets. After 24 h incubation, nuclear staining with 10 µM Hoechst33342 and 5 µg/mL PI
was performed to detect apoptotic and necrotic cell death in MDA-MB-231 cells, respectively.
The bright blue fluorescent signals of Hoechst33342 and the red fluorescent signals of PI
were visualized by an inverted fluorescence microscope (Olympus IX51, Olympus Corp.,
Tokyo, Japan).

2.9. In Vitro Cellular Uptake

In vitro cellular uptake of CUR-2GE and CUR-2GE-Ch-IONPs was visualized by an
inverted fluorescence microscope (Olympus IX51 inverted microscope, Tokyo, Japan). The
experiments were adapted from previous work with modifications [28]. MDA-MB-231
cells (3 × 104 cells/well) were seeded and incubated overnight to ensure cell attachment.
Afterward, the medium was replaced with serum-free DMEM containing the free drug
and sample suspensions. The effect of the presence of the permanent magnets on the
cellular uptake of the NPs was evaluated by exposing the NP-treated cells to the permanent
magnets. The permanent magnets were placed under each well of the culture plate and
incubated at 37 ◦C for 1 h. After 1 h, the permanent magnets were detached, and the cells
were washed with PBS. DAPI was added to the cell and incubated at 37 ◦C for 15 min.
Cellular uptake was expressed as the difference between the fluorescence intensity signals
from the CUR-2GE-Ch-IONPs and those from CUR-2GE.

2.10. Statistical Analysis

All quantitative data were collected in three replicates and expressed as mean ± stan-
dard deviation (SD). The calibration curve was analyzed using simple linear regression and
checked for assumptions of linearity, normality, homoscedasticity and outliers. The differ-
ences in means between various treatments were determined using ANOVA and Tukey’s
multiple comparisons test. Differences were considered significant with a p-value < 0.05.
The IC50 values for the free CUR-2GE and CUR-2GE-Ch-IONPs were determined through a
non-linear regression curve fit analysis. All statistical analyses were done using GraphPad®

Prism 9.3.0 (San Diego, CA, USA).

3. Results and Discussion
3.1. Experimental Designs
3.1.1. Single-Factor Experiments

The single-factor experiments involved three factors, including the effects of the
molecular weight (MW) of Ch (75, 260, and 540 kDa), a flow rate of ferrous and ferric
chloride (10, 20, and 30 mL/h), and the reaction time after adding NaOH (0.5, 1, and 2 h).
The responses involved particle size (nm) and saturation magnetization (Ms, emu/g). The
single-factor experiments were conducted to identify the optimum material and processing
conditions to prepare the Ch-IONPs [29]. The Ch-IONPs with the highest Ms and the
smallest size increase the potential for magnetic-assisted delivery to the targeted site [5].

The MW of Ch is an essential factor that can influence the size and the Ms of the
Ch-IONPs. A higher MW of Ch provides a greater density to coat the IONPs, resulting in
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bigger particle sizes. Consequently, a thicker Ch coating lowers the Ms of the Ch-IONPs.
The Ch-IONPs were fabricated by varying the MW of Ch at 75, 260, and 540 kDa to
evaluate its effect on particle size and Ms while keeping the flow rate of ferrous and ferric
chloride and reaction time after adding NaOH constant at 20 mL/h and 1 h, respectively.
As shown in Figure 1A, there was an increasing trend in size from 75, 260, and 540 kDa.
Generally, IONPs would range from 5 to 150 nm. The chitosan polymer network provides
confined spaces to allow the crystal growth of magnetite, resulting in small particles that are
homogeneously distributed. High MW Ch provides more chain segments for interaction
with other Ch chains, leading to a more viscous dispersion that provides a thicker coating
layer and increases in size. The Ms increased from 75 to 260 kDa, while it decreased when
the MW increased from 260 to 540 kDa. Coating the IONPs with chitosan reduces Ms values
because of the denser chitosan matrix. Highly viscous media would result in the formation
of clusters of magnetic nanoparticles with multiple domains, leading to a decrease in their
magnetism. The decrease in Ms can also be attributed to the formation of smaller IONPs
using an MW of 260 kDa compared to an MW of 540 kDa. The IONP crystal orientation
becomes more disordered with smaller sizes, leading to a decrease in magnetism [30–32].
Therefore, 260 kDa was considered the optimal MW in the experiments.
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Figure 1. Effect of (A) MW of Ch, (B) flow rate of Fe precursors, and (C) reaction time after adding
NaOH on the size (blue) and Ms (red) of the Ch-IONPs.

Flow rate is another critical factor that can influence the formation of Ch-IONPs. In
this study, Ch-IONPs were fabricated by varying the flow rate at 10, 20, and 30 mL/h to
evaluate its effect on the size and Ms while keeping the MW of Ch at 260 kDa and reaction
time after adding NaOH at 1 h. The results in Figure 1B show that size decreased as the
flow rate increased from 10 to 30 mL/h. Even though the flow rate was increased, there
was no appreciable difference in the size of the Ch-IONPs between 20 and 30 mL/h flow
rates. We speculate that at a higher flow rate, the impact of energy is higher, leading to
a greater degree of dispersion of the Fe ions with the Ch in a shorter period, and, while
the reaction rate is faster, settling, and Brownian movement is not favored, resulting in
smaller particles. At a lower flow rate (10 mL/h), the residence time of the Fe ions with the
polymeric chitosan chains is increased, allowing more aggregation and settling to occur,
resulting in bigger particles. This was in agreement with the findings in the literature,
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where the dosing rate only moderately affected the particle size. The results also show that
Ms increased from 10 to 20 mL/h while decreased from 20 to 30 mL/h. The longest reaction
time with the lowest flow rate (10 mL/h) is conducive to oxidation, thus converting the
magnetite to another form of IONPs with a reduced Ms. The Ms of the product obtained
with the highest flow rate was lower than that obtained with 20 mL/h due to the short
reaction time of the Fe ions with Ch, resulting in partially embedded Fe ions within the
chitosan chain, which may be partially oxidized [33,34]. The results indicated that 20 mL/h
was the most favorable flow rate for the fabrication of the Ch-IONPs.

The effect of the reaction time of the Fe ions embedded in the Ch chains with NaOH
was considered necessary as it affected the nucleation and growth patterns of the IONPs.
The experiment was carried out by varying the reaction time at 0.5, 1, and 2 h while fixing
the MW of Ch at 260 kDa and the flow rate at 20 mL/h. Figure 1C shows that the particle
size increased when the reaction time was lengthened. The crystal growth of Fe3O4 starts
with the supersaturation of Fe2+ and Fe3+ ions with the polymer matrix. This is followed
by nucleation, which provides tiny crystalline nuclei. The nuclei undergo a growth and
aggregation step through the diffusion of the Fe ions on the surface of the nuclei. This is
followed by a rearrangement to form single crystalline particles. The chitosan prevents
polydispersity and aggregation for the initially formed nuclei. However, as the reaction
time increases, the particles continue to grow in all directions. In some cases, uncontrolled
growth, or Ostwald ripening, happens wherein bigger particles grow at the expense of
smaller ones, thus forming clusters or aggregates. The formation of larger particles or
aggregates with an increasing reaction time may be due to the magnetostatic interaction
of magnetite particles. The results also show that the Ms increased from 0.5 to 1 h and
decreased from 1 to 2 h. The results indicate that the reaction time influenced the formation
of the IONPs. We speculate that a longer reaction time led to a complete crystallization of
the IONPs, resulting in a higher magnetism. The shortest reaction time would result in an
incomplete co-precipitation process, thereby reducing the Ms [35]. The longest reaction
time (2 h) would result in the oxidation of the IONPs to other forms of iron oxide, which
reduces the Ms [32,36,37]. These results suggest that a reaction time of 1 h was the optimal
condition for fabricating the Ch-IONPs.

3.1.2. Optimization Using the BBD-Based RSM

Based on the literature review and preliminary experiments, a three-level-three-factor
BBD was appropriate to determine the optimum conditions for fabricating the Ch-IONPs.
The pH (X1), amount of Ch (X2), and reaction temperature (X3) were the factors selected,
while particle size was selected as the response. Particle size was chosen as the response
because it is one of the essential factors in determining biodistribution kinetics. A suitable
size of the IONPs results in a prolonged blood half-life and increases their chance of
accumulation in the tumor site [5]. The experimental matrix and results of the BBD are
shown in Table 2. The experiments were carried out randomly using the run order to
eliminate positional bias. It can be observed that there were considerable variations in
particle size with different fabrication conditions.

Multiple regression analysis showed the second-order regression model (Equation (7))
to predict the particle size for fabricating Ch-IONPs. An analysis of variance (ANOVA) was
conducted to determine the coefficients in the regression model that significantly describe
the relationship between the factors and responses (Table 3). The F-value of the model
(35.68) and the associated p-value (0.0005) indicate that the factors in the regression model
adequately describe the response. The F-value (18.37) for the lack of fit and its associated
p-value were at the borderline cut-off value of 0.05. This phenomenon can be attributed
to the insignificant coefficients in the model (p > 0.05). Nevertheless, all the coefficients
were retained to adequately describe the functional relationships among the factors and
the response. Moreover, the regression model has adequate precision (21.2047), indicating
the suitability of the model to navigate the design space. Based on the observed effects of
the linear coefficients, the amount of Ch (X2) significantly and positively influenced the
size of the fabricated Ch-IONPs. On the other hand, the pH (X1) negatively influenced
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the size of the Ch-IONPs whereas the reaction temperature (X3) did not show a significant
effect (Table 3). In addition, the quadratic term coefficient, X1

2, was significant, while other
coefficients were not significant.

Size = 156.33 − 20X1 + 48.00X2 − 2.75X3 − 6.25X1X2 + 0.2500X1X3 − 0.75X2X3 + 16.71X1
2 + 6.71X2

2 − 6.29X3
2 (7)

Table 2. Experimental variables and results in the Box–Behnken design (n = 3).

Std Order
Factors Particle Size

(nm)pH Amount of Ch (mg) Reaction Temperature (◦C)

1 8 4 55 148 ± 6
2 12 4 55 111 ± 7
3 8 20 55 261 ± 9
4 12 20 55 199 ± 6
5 8 12 25 181 ± 3
6 12 12 25 150 ± 22
7 8 12 85 183 ± 2
8 12 12 85 153 ± 18
9 10 4 25 117 ± 6

10 10 20 25 210 ± 25
11 10 4 85 105 ± 9
12 10 20 85 195 ± 10
13 10 12 55 154 ± 25
14 10 12 55 156 ± 33
15 10 12 55 159 ± 26

Table 3. ANOVA results for evaluating the RSM model for particle size.

Source Sum of
Squares df Mean

Square F-Value p-Value

Model 23,228.07 9 2580.90 35.68 0.0005 significant
X1: pH 3200.00 1 3200.00 44.24 0.0012

X2: Amount of Ch 18,432.00 1 18,432.00 254.82 <0.0001
X3: Reaction
temperature 60.50 1 60.50 0.8364 0.4024

X1X2 156.25 1 156.25 2.16 0.2016
X1X3 0.2500 1 0.2500 0.0035 0.9554
X2X3 2.25 1 2.25 0.0311 0.8669
X1

2 1030.78 1 1030.78 14.25 0.0130
X2

2 166.16 1 166.16 2.30 0.1900
X3

2 146.16 1 146.16 2.02 0.2144
Residual 361.67 5 72.33

Lack of Fit 349.00 3 116.33 18.37 0.0521 not
significant

Pure Error 12.67 2 6.33
Cor Total 23,589.73 14

The response surface plots show the three-dimensional (3D) representations of the
regression models (Figure 2A–C). These graphical displays are important as they clearly
show the effects of the various levels of each factor and the interactions of the two factors on
particle size. The plots show the combined effects of two factors at any level while keeping
the level of the other factor at zero or mid-level. The quadratic effects of the coefficient, X1

2,
were displayed by the evident curvature of the 3D plots containing X1 as a factor. These
Figures show that particle size increased initially and then decreased with increasing pH.
This confirmed that the optimum pH for the reaction with the precipitating agent (NaOH)
was near the zero level. The Figures also show the effects of the reaction temperature with
an almost flat line, suggesting that any temperature condition within the experimental
testing range could be utilized in fabricating the Ch-IONPs. This signifies that the synthesis
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reaction could occur at ambient temperature, which will benefit the investigator. Moreover,
the results show that increasing the amount of Ch leads to bigger Ch-IONPs. A minimum
particle size can be achieved with the minimum amount of Ch. Overall, the quadratic
regression model suggested that the amount of Ch (X2) was the most significant factor that
affected the particle size, followed by pH.
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Figure 2. Response surface plots showing the effects of the interaction of (A) pH (X1) and reaction
temperature (X3), (B) pH (X1) and amount of Ch (X2), and (C) amount of Ch (X2) and reaction
temperature (X3), while keeping the other factor at the zero level (middle level), on the size of
Ch-IONPs.

The optimum conditions for fabricating the Ch-IONPs were utilized to achieve their
minimum particle size. The optimum conditions were determined as follows: a pH (X1) of
11, an amount of Ch (X2) of 4 mg, and a reaction temperature (X3) of 85 ◦C. The regression
models were validated by performing additional experiments. The optimum conditions
were used to fabricate Ch-IONPs with three independent experiments at a desirability
of 1.0. The observed particle size was 110.5 ± 6.3, approximately equal to the predicted
particle size (104.8 nm). The percentage error was 5.41%, which was < 10%, indicating the
predictability of the regression model for the particle size, respectively.

3.2. Fabrication of CUR-2GE-Ch-IONPs

The type of nanoformulation produced was a nanosphere wherein Ch, with its several
amine groups, forms a complex with the IONPs and CUR-2GE. The amine groups of
Ch are responsible for the metal-ion chelation due to the presence of an electron lone
pair on the nitrogen atom. The Fe2+ and Fe3+ components of the IONPs readily interact
with the available –NH2 groups through ion exchange or complexation reactions [38].
The IONPs form the core of the particle. The Ch network provides not only stability,
biodegradability, and non-toxicity but also the surface and functional groups to bind
the CUR-2GE molecules [3,4]. CUR-2GE attached non-covalently through hydrophobic
interaction and adsorption on the available hydroxyl and amine groups of Ch (Figure 3).
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3.3. Characterization
3.3.1. Morphology

The TEM images reveal an agglomeration of the uncoated IONPs (Figure 4). Previous
studies reveal a similar phenomenon due to the magnetic dipole–dipole interactions of
the particles forming microclusters [39]. The diameter of the uncoated IONPs was ap-
proximately 20 nm. The hydrophobic nature of the uncoated IONPs also resulted in their
aggregation. The agglomeration process was also the inherent nature of the IONPs to lower
their surface energy [40,41]. The inset in Figure 4B reveals the core–shell structure of the
optimized Ch-IONPs. The core (IONP) and shell (Ch) were approximately 33 and 3 nm,
respectively. The Ch-IONPs may appear as agglomerates due to the processing of the
samples during the TEM analysis, as demonstrated by a previous study [39]. The drying
process resulted in the shrinking of Ch on the surface of the IONPs and may have built
bridges leading to higher interaction with other Ch-IONPs [42].
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Figure 4. TEM images of (A) uncoated IONPs (60,000×), (B) Ch-IONPs (40,000×), and (C) CUR-2GE-
Ch-IONPs (60,000×). The inset in (B) shows the core-shell structure of the optimized Ch-IONPs.

Figure 4C shows the TEM image of the CUR-2GE-Ch-IONPs. Similarly, the particles
appear as aggregates due to the sample preparations. However, the size of the particles
was more homogenous compared to the uncoated IONPs. Their size, approximately 27 nm,
was lower than the optimized Ch-IONPs, probably due to the effects of the solvent during
the loading of CUR-2GE onto the optimized Ch-IONPs. The loading process could have
also caused the disappearance of the core–shell structure due to the occupancy of CUR-2GE
along the surface and within the polymer shell layer of Ch.

3.3.2. Encapsulation Efficiency and Loading Capacity

Table S1 summarizes the direct and indirect methods for estimating the EE and LC of
the CUR-2GE-Ch-IONPs. A comparison was made to reflect the efficiency of the methods
in measuring the hydrophobic CUR-2GE molecules physically entrapped in the NPs. The
direct method allows a more precise determination of both EE and LC as it involves the
use of a solvent to extract and measure the quantity of CUR-2GE directly from the CUR-
2GE-Ch-IONPs. However, the t-test revealed insignificant differences (p > 0.05) between
the indirect and direct methods of extraction for the determination of EE and LC. The low
SD also demonstrates the reproducibility of the methods of extraction. Further, the indirect
method for estimating EE and LC has often been utilized, as demonstrated by similar
studies [43–45]. This study demonstrates the efficiency of the indirect method, which is
time-saving, in estimating the load of CUR-2GE in the NPs to meet the requirements of
Ch-IONP as a carrier system for magnetic targeting delivery applications.

3.3.3. Surface Functional Groups

The surface functional groups of the samples are shown in Figure 5. The characteristic
Fe–O vibrations are shown by the bands appearing between 530 and 547 cm−1. This
confirms the identity of IONP in the uncoated IONPs, Ch-IONPs, and Cur-2GE-Ch-IONPs.
In the spectra of the uncoated IONPs, a slightly broad band at 3303 cm−1 represents the
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adsorbed or coordinated water or hydroxyl groups on the surface of iron oxides [46]. This
band also slightly shifted to 3271 cm−1 and 3269 cm–1 in the spectra of Ch-IONPs and
CUR-2GE-Ch-IONPs, respectively, due to the weak intermolecular forces of attraction
between the adsorbed –OH groups of IONPs and the –OH of Ch. Moreover, this slightly
broad peak indicated the N–H stretching in Ch that overlapped with the O–H stretching in
IONPs [38]. The presence of Ch in Ch-IONPs and CUR-2GE-Ch-IONPs was confirmed by
the appearance of 1048 cm–1 and 1056 cm–1 bands, representing the C–O in the ether bond
in Ch [47]. The peak at 1500 cm–1 in CUR-2GE-Ch-IONPs can be attributed to the presence
of C=C in the aromatic ring of Cur-2GE. This signal could mean that Cur-2GE was loaded
to Ch-IONPs [48].
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Polymers 2022, 14, 5563 13 of 24

3.3.4. Chemical State Analysis Using XPS

XPS was also used to confirm the successfully prepared IONPs (Fe3O4) and Ch coating
on their surface. The XPS pattern for the Fe element in the IONPs was shown in Figure 5B,
with the binding energies of 710.28 and 723.58 eV attributed to Fe2p3/2 and Fe2p1/2,
respectively. These binding energies were also observed in the spectrum of Ch-IONPs
(Figure 5C), indicating the ion oxidation state of Fe3O4 [49]. According to the literature,
the peaks for IONPs change to high binding energy and expand due to the presence of
Fe2+(2p3/2) and Fe2+(2p1/2) compared to Fe2O3. In addition, the satellite peak of Fe2O3 at
the binding energy of 719 eV was much weaker in Fe3O4 [50]. In our results, as shown in
Figure 5B,C, the peak at 719 eV was not observed in the spectrum of IONPs and Ch-IONPs,
confirming that the IONPs were Fe3O4. In addition, the O 1s spectrum (Figure 5E) of
Ch-IONPs demonstrated slightly lower binding energy (529.40 and 531.17 eV) compared
to that IONPs (529.92 and 532.09 eV) (Figure 5D). The spectrum of XPS also provided the
bonding information between IONPs and Ch. The C 1s spectra of Ch-IONPs (Figure 5F)
demonstrated major shoulder at 285.00 eV and 286.53 eV associated with C–C and C–O
bonds, respectively [51,52], and the binding energy at 399.52 eV (Figure 5G) may ensure that
the contribution of high protonated amine (–NH3

+) groups involved in hydrogen bonding
owing to N 1s core level [53,54], suggesting that IONPs successfully coated with Ch.

3.3.5. Thermal Analysis

The thermal behavior of the NPs is illustrated by their TG and DTG curves (Figure 6).
As observed in all TG curves, the initial drop indicates the removal of superficially-bonded
water or the decomposition of –OH groups. The thermal decomposition of Ch (Figure 6A)
is shown by three mass loss events [55]. The first event involves the removal of surface-
bonded water molecules, followed by the decomposition of the Ch chains and the degrada-
tion of the carbon residues. The thermograms of the uncoated IONPs (Figure 6C) exhibit
a mass change at 52.4 ◦C with a mass loss of 8.16%, which can be attributed to the loss
of surface –OH groups, as observed in a similar study [56]. The succeeding mass losses
represent the decomposition of the inorganic residues of IONPs. Figure 6D shows the
thermal behavior of Ch-IONPs. The mass loss of 11.47% occurring at 50.9 ◦C signifies water
evaporation and surface-bound –OH groups. The decomposition occurring at 256.9 ◦C
with a mass loss of 5.92% indicates the degradation of Ch chains. The residual weight
in Figure 6C was higher than in Figure 6D,E due to the higher thermal stability of the
uncoated IONPs. The difference in the residual weight corresponds to the degradation
of the organic components on the surface of the IONPs. The decomposition temperature
in Figure 6E (276.2 ◦C) was higher than that of Figure 6D (256.9 ◦C) due to the presence
of the thermally stable CUR-2GE. This phenomenon was also observed by comparing
Figure 6E with Figure 6B. We can see an increase in decomposition temperature from
197.5 ◦C (Figure 6B) to 211.8 ◦C (Figure 6E) due to the hydrogen bonding and hydrophobic
interactions of CUR-2GE with the Ch chains.

3.3.6. Crystalline Phase

The XRD patterns are important to reveal the crystalline nature of the IONP core,
regardless of the molecules attached. The sharp diffraction peaks that are typical of IONPs
are shown in Figure 7. The similarities in the XRD patterns of the uncoated IONPs,
Ch-IONPs, and CUR-2GE-Ch-IONPs signify that the coating process and the loading of
CUR-2GE preserved the crystalline nature of the IONPs, as there were no changes in the
peak positions, as supported by a similar study [56]. The absence of the crystalline peaks of
CUR-2GE indicates that it was present in an amorphous form on the Ch chains. Moreover,
the XRD patterns reveal that the synthesized IONPs were Fe3O4 (magnetite). The heat
involved in the fabrication process (85 ◦C) was lower than the temperature range of 220
to 600 ◦C which would lead to the formation of other forms of IONPs such as hematite
(α-Fe2O3) and maghemite (γ-Fe2O3), as supported by previous studies [39,57,58].
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3.3.7. Magnetic Properties

The magnetic properties of the uncoated IONPs, Ch-IONPs, and CUR-2GE-Ch-IONPs
were evaluated using a VSM. As can be seen, Figure 8 indicates the room temperature
magnetization curves of the NPs. A comparison of the saturation magnetizations (Ms) of
the NPs reveals that the Ms of the uncoated IONPs (24 emu/g) was higher than that of
Ch-IONPs (15 emu/g) and CUR-2GE-Ch-IONPs (16 emu/g). These results are in agreement
with similar studies, where the coating of the IONPs resulted in a decrease in the Ms due to
the addition of non-magnetic components on the surface of the IONPs [59,60]. The IONP’s
TEM size (<50 nm) reveals that they are small enough to be superparamagnetic, as evident
by their negligible coercivity and remanent magnetization of the IONPs. The superparam-
agnetic property is essential, as the nanoparticles do not display any magnetization in the
absence of a magnetic field, resulting in a stable IONP suspension during the preparation
and processing of the IONPs. This property is also desirable as the particles can respond
to an external magnetic field and be led to the target tissues in the body, supporting their
applications in magnetic targeting delivery [59,61].
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3.4. Storage Stability Tests

The storage stability of CUR-2GE-Ch-IONPs in the dried powder form at 25 ◦C
(ambient temperature) and 4 ◦C (refrigerator) was presented in Figure 9. The results
demonstrated that the size and zeta potential of CUR-2GE-Ch-IONPs were not much
different during 90 days of storage at 25 ◦C and 4 ◦C (Figure 9A,B). In addition, the retention
of CUR-2GE in the CUR-2GE-Ch-IONPs through EE (Figure 9C) and LC (Figure 9D) slightly
decreased for up to 90 days of storage at 25 ◦C and 4 ◦C. Overall, the stability results suggest
that the CUR-2GE-Ch-IONPs in the dried powder form can be stored at either 25 ◦C or
4 ◦C to maintain their particle size, zeta potential, and retention of CUR-2GE.
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3.5. Release of CUR-2GE from the CUR-2GE-Ch-IONPs

The saturation solubilities of CUR-2GE in PBS (5.3 and 7.4) with 50% ethanol were 0.72
and 0.88 mg/mL, respectively. Figure 10 shows the release profiles of CUR-2GE-Ch-IONPs
at pH 5.3 (intratumoral pH) and pH 7.4 (blood pH). These results indicate that Ch-IONPs
can control CUR-2GE’s release in each medium. For pH 5.3 and 7.4 media, CUR-2GE
exhibited a burst release from the Ch-IONPs during the initial release time points, which
can be stable at 4 and 3 h, respectively. This behavior can be attributed to the hydration of
the Ch layer and the detachment of the CUR-2GE molecules, which were adsorbed on the
NP surface [62]. CUR-2GE was then released continuously until the saturation point. In
addition, the release of CUR-2GE at pH 5.3 was less than that at pH 7.4, showing its pH
dependency. These results can be attributed to the properties of Ch and are substantiated
by similar findings [63]. The release was higher at pH 7.4 due to the deprotonation of the
available amine groups in Ch, increasing the pore size of the Ch network and driving the
entry of the counterions of the release medium, eventually leading to faster diffusion of
the CUR-2GE from the CUR-2GE-Ch-lONPs. The release was lower at pH 5.3 due to the
protonation of the amine groups of Ch, leading to the increase in the counterion density
followed by repulsion and swelling of the Ch. The swelling of Ch exposes its hydrophobic
groups, which tends to slow the migration of the entrapped CUR-2GE to the NP’s surface
and release medium due to hydrophobic interactions [64]. These results are essential for
predicting the possible release of CUR-2GE into the systemic circulation. Theoretically,
the CUR-2GE must be retained in the Ch-IONP carrier for a prolonged period at pH 7.4
to effectively deliver a high quantity of CUR-2GE to the target tumor site. Nevertheless,
a sustained-release profile of CUR-2GE can be expected once the CUR-2GE-Ch-lONPs
are intracellularly internalized through endocytosis [65]. These results are important for
predicting the possible release of CUR-2GE into systemic circulation. To maximize the
cytotoxic effects of CUR-2GE on the breast cancer cells, the CUR-2GE-Ch-IONPs should be
directly introduced to the tumor to facilitate the accumulation of the particles and release
CUR-2GE within the tumor site.
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3.6. In Vitro Cytotoxicity Studies

The viability of MDA-MB-231 was evaluated using a CUR-2GE concentration range
of 5.34 to 170.68 µg/mL (Figure 11B). It can be observed that MDA-MB-231 was sensitive
to the effects of CUR-2GE at the minimum concentration tested, with a viability of <70%.
A compound or the NPs were considered toxic using a cell viability value of 70% [66].
The CUR-2GE concentration range was also utilized as the basis for the quantities of
the CUR-2GE-Ch-IONPs with the equivalent amounts of CUR-2GE. There was a need
to investigate the effects of the blank NPs (or Ch-IONPs) on the MDA-MB-231 cells to
evaluate the cytotoxic effects of Ch, as its cytotoxicities against cancer cells have been
well-documented [67]. The cytotoxic effects of Ch can be attributed to its cationic nature,
which may electrostatically interact with the anionic lipid components of the membrane
of MDA-MB-231 cells. A concentration of 0.3 mg/mL of Ch-IONPs with magnetic stimu-
lation showed more than 70% viability and was considered non-toxic (Figure 11A). This
concentration was subsequently used to dilute the CUR-2GE-Ch-IONP treatment samples.

The cytotoxicity effects of the Ch-IONPs were matched with that of CUR-2GE-Ch-
IONPs to investigate whether the cytotoxic effects could be attributed to CUR-2GE molecules
or the nanocarriers (Ch-IONPs). Based on Figure 11B, different cytotoxic effects could be
observed in the CUR-2GE-Ch-IONPs-treated cells in the presence or absence of the perma-
nent magnets. The time-dependent effects of the magnetic force on the accumulation of
magnetic NPs have been previously demonstrated [68]. Various exposure time points to
the permanent magnets have been utilized in similar in vitro studies ranging from 0.25 to
4 h [69–72]. However, these studies have not accounted for the time-dependent cytotoxicity
of the magnetic NPs. Furthermore, in vivo magnetic targeting studies in tumor-bearing
mice have used permanent magnet exposure of 1 h [44,73,74] or 2 h [75]. The cytotoxic
effects of three different exposure time points to the permanent magnets (1 h, 2 h, and
4 h) were then compared. Overall, there was a decreasing trend in the viability of MDA-
MB-231, with the highest cytotoxic effects observed with the longest exposure time to the
permanent magnets.
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Figure 11. Cell experiments showing the viability of MDA-MB-231 treated with (A) Ch-IONPs,
(B) free CUR-2GE and CUR-2GE-Ch-IONPs at various time points of exposure to the permanent
magnets, and (C) live/dead cells staining using Hoechst-33342/propidium iodide. The designations
(+) and (–) indicate the presence and absence of the permanent magnets, respectively.

The mean IC50 values of the free CUR-2GE and the CUR-2GE-Ch-IONPs were calcu-
lated to compare their cytotoxicities toward MDA-MB-231 (Table 4). A one-way ANOVA
was used to determine the presence of significant differences among the mean IC50 val-
ues of the treatments. Tukey’s test was used to compare the multiple mean IC50 values
simultaneously. The IC50 values at differing time points reveal that the cytotoxic effects
of the CUR-2GE-Ch-IONPs-treated cells with magnet exposure differed from the CUR-
2GE-Ch-IONPs-treated cells in the absence of the permanent magnets. Interestingly, a
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significant difference (p < 0.0001) was observed between the treated cells exposed to perma-
nent magnets for 4 h and the treated cells not exposed to the magnetic field (p < 0.0001),
demonstrating the successful application of magnetic targeting delivery. The CUR-2GE-
Ch-IONPs treatment, with a 4 h magnet exposure time, was ≈ 12 times more potent than
the free CUR-2GE. The observed cytotoxic effects as a function of the exposure time to the
permanent magnets may be attributed to the nanosized structure, superparamagnetism,
and crystallinity of the fabricated CUR-2GE–Ch-IONPs. These properties favorably led to
the attraction of the NPs toward the magnetic field that consequently mediates the accumu-
lation of the NPs in the cells [71]. It may also be attributed to the effects of the magnetic
field on the release of CUR-2GE, the sustained release of CUR-2GE from the CUR-2GE-Ch-
IONPs, and the subsequent apoptotic effects of CUR-2GE. The results of the MTT assay
were confirmed by the Hoechst-33342/PI staining (Figure 11C). The 4 h magnet exposure
increased the number of apoptotic cells compared to those without magnetic field exposure.
This study demonstrates that the presence of the permanent magnets significantly enhanced
the cytotoxicity of the CUR-2GE-Ch-IONPs toward MDA-MB-231, a cell line that represents
triple-negative breast cancer and is known to be resistant to various chemotherapeutic
agents. However, a magnetic field-assisted delivery in murine models will provide more
predictive behavior of the CUR-2GE–Ch-IONPs in humans. In most cases, the permanent
magnets are placed on the surface of the skin near the shallow tumor to precisely deliver
the magnetically responsive NPs to the diseased tissue. These approaches are necessary to
better understand the effectiveness of magnetic targeting delivery in a clinical setting [73].

Table 4. Mean IC50 values of the free CUR-2GE and CUR-2GE-Ch-IONPs against MDA-MB-231.

Treatment IC50 (µg/mL)

Free CUR-2GE 17.01 ± 1.63 *

(–) magnet (+) magnet

1 h 2 h 4 h

CUR-2GE-Ch-IONPs 65.62 ± 3.46 ** 40.92 ± 2.51 11.41 ± 7.25 1.47 ± 1.04
Notes: * p-value (0.0150) and ** p-value (<0.0001) compared to 4 h (+) magnet.

3.7. In Vitro Cellular Uptake

The cellular uptake assay was conducted to evaluate the effect of the magnetic field
on the internalization of the CUR-2GE-Ch-IONPs by tracking the fluorescent CUR-2GE
molecules using an inverted fluorescence microscope (Figure 12). Figure 12A–D represents
the merged images of the brightfield and DAPI to show the nuclei and cytoplasm of the
cells. Figure 12E to Figure 12H denote the merged images of CUR-2GE (green color) and
DAPI (blue color-stained nuclei) to define the localization of CUR-2GE into the cytoplasm
of the cells. However, the cellular uptake experiments had some limitations, such as the
use of 1 h instead of 4 h for the exposure time with the permanent magnets to observe the
possibility of internalization of the CUR-2GE-Ch-IONPs. We observed the presence of the
green fluorescence signals within the cells with 1 h incubation time, possibly due to the
viable cell morphology, hence facilitating CUR-2GE uptake. The difficulty in observing the
green fluorescence signals at 4 h may be attributed to the loss of cell viability.

There were sparse green fluorescence intensity signals from the free CUR-2GE due
to its hydrophobic nature and possible aggregation within the extracellular spaces. The
absence of green fluorescence signals with Ch-IONPs signifies that the green fluorescence
signals were from the CUR-2GE. The occurrence of the green fluorescence signals of
CUR-2GE from the CUR-2GE-Ch-IONPs in the absence of the permanent magnets can
be attributed to the collective effects of the nanosized particles and the cationic nature of
Ch in facilitating endocytosis. The green fluorescence intensity was remarkably higher in
the presence of the permanent magnets due to the localizing and targeting effects of the
magnetic force toward the IONP core.
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Figure 12. Cellular uptake showing the microscopic images of MDA-MB-231 after incubation with
(A,E) free CUR-2GE, (B,F) Ch-IONPs, (C,G) CUR-2GE-Ch-IONPs in the absence of the permanent
magnets, and (D,H) CUR-2GE-Ch-IONPs in the presence of the permanent magnets.

A pictorial representation of the processes leading to the uptake of CUR-2GE-Ch-
IONPs, the cytoplasmic release of CUR-2GE, and the cytotoxic effects of the internalized
CUR-2GE is depicted in Figure 13. In summary, the endocytic process is facilitated by
the nanoscale structure of the CUR-2GE-Ch-IONPs and the magnetic force of the perma-
nent magnets. The cationic nature of Ch imposes an imbalance on the osmotic pressure
within the cytoplasm, leading to the endosomal release of the CUR-2GE-Ch-IONPs. The
endosomal release triggers the detachment of CUR-2GE from the nanocarrier within the
cytoplasm. These phenomena signify the impact of magnetic fields on the internalization
of the magnetic-responsive CUR-2GE-Ch-IONPs in MDA-MB-231 and provide evidence of
their potential for further development and evaluation using preclinical models.
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4. Conclusions

This work demonstrated a magnetic-assisted delivery of CUR-2GE in the triple-
negative breast cancer cell MDA-MB-231. The magnetically assisted delivery of CUR-2GE
in the triple-negative breast cancer cells MDA-MB-231 was demonstrated in this study. The
IONPs were deposited in Ch using an in situ co-precipitating process. The fabrication of
Ch-IONPs, as the carriers of CUR-2GE, was optimized using the BBD-based RSM. The
particle size was < 150 nm. The quantity of Ch and the reaction pH had the highest impact
on the size of Ch-IONPs. The incorporation of CUR-2GE occurred through non-specific
adsorption, hydrogen bonding, and hydrophobic interaction with the available –NH2
and –OH groups and the backbone of chitosan. Incorporating Ch conferred good thermal
stability, storage stability, and sustained-release properties. The presence of the permanent
magnets significantly enhanced the uptake and cytotoxicity of CUR-2GE against MDA-MB-
231, suggesting the great potential of the fabricated CUR-2GE-Ch-IONPs as vehicles for the
magnetic-guided delivery of CUR-2GE to breast cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14245563/s1, Table S1: Summary of the EE and LC based
on the indirect and direct methods of extracting CUR-2GE from the CUR-2GE-Ch-IONPs.

Author Contributions: Conceptualization, S.H., O.V., P.R. (Pranee Rojsitthisak) and P.R. (Pornchai
Rojsitthisak); methodology, S.H., B.P.B. and F.N.S.; experimentation, S.H., B.P.B., F.N.S., P.J. and N.N.;
data curation, S.H.; Analysis, S.H., B.P.B., F.N.S., P.J. and N.N.; writing—original draft preparation,
S.H., B.P.B. and F.N.S.; writing—review and editing, O.V., P.R. (Pranee Rojsitthisak) and P.R. (Pornchai
Rojsitthisak); supervision, O.V., P.R. (Pranee Rojsitthisak) and P.R. (Pornchai Rojsitthisak); project
administration, P.R. (Pranee Rojsitthisak), and P.R. (Pornchai Rojsitthisak). All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Thailand Science Research and Innovation Fund, Chula-
longkorn University (HEA666200114) (Pranee R.), the Ratchadaphiseksomphot Endowment Fund,
Chulalongkorn University, on the Center of Excellence in Natural Products for Ageing and Chronic
Diseases, Chulalongkorn University (Grant No. GCE 6503433003-1) (Pornchai R.) and the 90th
Anniversary Chulalongkorn University Fund under the Ratchadaphiseksomphot Endowment Fund
of the Graduate School, Chulalongkorn University (S.H. and Pornchai R.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the Pharmaceutical Research Instrument Center of the Faculty of Phar-
maceutical Sciences and the Metallurgy and Materials Science Research Institute at Chulalongkorn
University for providing the research facilities. S.H. was financially supported by the H.M. the King
Bhumibhol Adulyadej’s 72nd Birthday Anniversary Scholarship, Chulalongkorn University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khan, T.; Gurav, P. PhytoNanotechnology: Enhancing Delivery of Plant Based Anti-Cancer Drugs. Front. Pharmacol. 2018, 8, 1002.

[CrossRef] [PubMed]
2. Lu, A.H.; Salabas, E.L.; Schüth, F. Magnetic Nanoparticles: Synthesis, Protection, Functionalization, and Application. Angew.

Chem. Int. 2007, 46, 1222–1244. [CrossRef] [PubMed]
3. Lartigue, L.; Alloyeau, D.; Kolosnjaj-Tabi, J.; Javed, Y.; Guardia, P.; Riedinger, A.; Péchoux, C.; Pellegrino, T.; Wilhelm, C.; Gazeau,

F. Biodegradation of Iron Oxide Nanocubes: High-Resolution in Situ Monitoring. ACS Nano 2013, 7, 3939–3952. [CrossRef]
[PubMed]

4. Arias, L.S.; Pessan, J.P.; Vieira, A.P.M.; de Lima, T.M.T.; Delbem, A.C.B.; Monteiro, D.R. Iron Oxide Nanoparticles for Biomedical
Applications: A Perspective on Synthesis, Drugs, Antimicrobial Activity, and Toxicity. Antibiotics 2018, 7, 46. [CrossRef] [PubMed]

5. Yang, L.; Kuang, H.; Zhang, W.; Aguilar, Z.P.; Xiong, Y.; Lai, W.; Xu, H.; Wei, H. Size Dependent Biodistribution and Toxicokinetics
of Iron Oxide Magnetic Nanoparticles in Mice. Nanoscale 2015, 7, 625–636. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14245563/s1
https://www.mdpi.com/article/10.3390/polym14245563/s1
http://doi.org/10.3389/fphar.2017.01002
http://www.ncbi.nlm.nih.gov/pubmed/29479316
http://doi.org/10.1002/anie.200602866
http://www.ncbi.nlm.nih.gov/pubmed/17278160
http://doi.org/10.1021/nn305719y
http://www.ncbi.nlm.nih.gov/pubmed/23634880
http://doi.org/10.3390/antibiotics7020046
http://www.ncbi.nlm.nih.gov/pubmed/29890753
http://doi.org/10.1039/C4NR05061D


Polymers 2022, 14, 5563 22 of 24

6. D’Souza, A.A.; Devarajan, P.V. Bioenhanced Oral Curcumin Nanoparticles: Role of Carbohydrates. Carbohydr. Polym. 2016, 136,
1251–1258. [CrossRef]

7. Di Paola, C.; D’Agosta, R.; Baletto, F. Geometrical Effects on the Magnetic Properties of Nanoparticles. Nano Lett. 2016, 16,
2885–2889. [CrossRef]

8. Stueber, D.D.; Villanova, J.; Aponte, I.; Xiao, Z.; Colvin, V.L. Magnetic Nanoparticles in Biology and Medicine: Past, Present, and
Future Trends. Pharmaceutics 2021, 13, 943. [CrossRef]

9. Gavilán, H.; Avugadda, S.K.; Fernández-Cabada, T.; Soni, N.; Cassani, M.; Mai, B.T.; Chantrell, R.; Pellegrino, T. Magnetic
Nanoparticles and Clusters for Magnetic Hyperthermia: Optimizing Their Heat Performance and Developing Combinatorial
Therapies to Tackle Cancer. Chem. Soc. Rev. 2021, 50, 11614–11667.

10. Miyazaki, T.; Iwanaga, A.; Shirosaki, Y.; Kawashita, M. In Situ Synthesis of Magnetic Iron Oxide Nanoparticles in Chitosan
Hydrogels as a Reaction Field: Effect of Cross-Linking Density. Colloids Surf. B Biointerfaces 2019, 179, 334–339. [CrossRef]

11. Panda, J.; Satapathy, B.S.; Majumder, S.; Sarkar, R.; Mukherjee, B.; Tudu, B. Engineered Polymeric Iron Oxide Nanoparticles
as Potential Drug Carrier for Targeted Delivery of Docetaxel to Breast Cancer Cells. J. Magn. Magn. Mater. 2019, 485, 165–173.
[CrossRef]

12. Qi, L.; Xu, Z.; Jiang, X.; Li, Y.; Wang, M. Cytotoxic Activities of Chitosan Nanoparticles and Copper-Loaded Nanoparticles. Bioorg.
Med. Chem. Lett. 2005, 15, 1397–1399. [CrossRef] [PubMed]

13. Samarghandian, S.; Azimi-Nezhad, M.; Farkhondeh, T.; Samini, F. Anti-Oxidative Effects of Curcumin on Immobilization-Induced
Oxidative Stress in Rat Brain, Liver and Kidney. Biomed. Pharmacother. 2017, 87, 223–229. [CrossRef] [PubMed]

14. Tanvir, E.M.; Hossen, M.S.; Hossain, M.F.; Afroz, R.; Gan, S.H.; Khalil, M.I.; Karim, N. Antioxidant Properties of Popular Turmeric
(Curcuma Longa) Varieties from Bangladesh. J. Food Qual. 2017, 2017, 8471785. [CrossRef]

15. Boroumand, N.; Samarghandian, S.; Hashemy, S.I. Immunomodulatory, Anti-Inflammatory, and Antioxidant Effects of Curcumin.
J. Herbmed Pharmacol. 2018, 7, 211–219. [CrossRef]

16. Menon, V.P.; Sudheer, A.R. Antioxidant and Anti-Inflammatory Properties of Curcumin. Adv. Exp. Med. Biol. 2007, 595, 105–125.
17. Gonelimali, F.D.; Lin, J.; Miao, W.; Xuan, J.; Charles, F.; Chen, M.; Hatab, S.R. Antimicrobial Properties and Mechanism of Action

of Some Plant Extracts against Food Pathogens and Spoilage Microorganisms. Front. Microbiol. 2018, 9, 1639. [CrossRef]
18. Teow, S.Y.; Liew, K.; Ali, S.A.; Khoo, A.S.B.; Peh, S.C. Antibacterial Action of Curcumin against Staphylococcus Aureus: A Brief

Review. J. Trop. Med. 2016, 2016, 2853045. [CrossRef]
19. Sandikci Altunatmaz, S.; Yilmaz Aksu, F.; Issa, G.; Basaran Kahraman, B.; Dulger Altiner, D.; Buyukunal, S.K. Antimicrobial

Effects of Curcumin against L. Monocytogenes, S. Aureus, S. Typhimurium and E. Coli O157: H7 Pathogens in Minced Meat. Vet.
Med. 2016, 61, 256–262. [CrossRef]

20. Jithavech, P.; Suwattananuruk, P.; Hasriadi; Muangnoi, C.; Thitikornpong, W.; Towiwat, P.; Vajragupta, O.; Rojsitthisak, P.
Physicochemical Investigation of a Novel Curcumin Diethyl γ-Aminobutyrate, a Carbamate Ester Prodrug of Curcumin with
Enhanced Anti-Neuroinflammatory Activity. PLoS ONE 2022, 17, e0265689. [CrossRef]

21. Hasriadi; Dasuni Wasana, P.W.; Suwattananuruk, P.; Thompho, S.; Thitikornpong, W.; Vajragupta, O.; Rojsitthisak, P.; Towiwat, P.
Curcumin Diethyl γ-Aminobutyrate, a Prodrug of Curcumin, for Enhanced Treatment of Inflammatory Pain. ACS Pharmacol.
Transl. Sci. 2022, 5, 774–790.

22. Arami, H.; Khandhar, A.; Liggitt, D.; Krishnan, K.M. In Vivo Delivery, Pharmacokinetics, Biodistribution and Toxicity of Iron
Oxide Nanoparticles. Chem. Soc. Rev. 2015, 44, 8576–8607. [CrossRef] [PubMed]

23. Liao, S.H.; Liu, C.H.; Bastakoti, B.P.; Suzuki, N.; Chang, Y.; Yamauchi, Y.; Lin, F.H.; Wu, K.C.W. Functionalized Magnetic Iron
Oxide/Alginate Core-Shell Nanoparticles for Targeting Hyperthermia. Int. J. Nanomed. 2015, 10, 3315–3328.

24. Sorasitthiyanukarn, F.N.; Muangnoi, C.; Thaweesest, W.; Ratnatilaka Na Bhuket, P.; Jantaratana, P.; Rojsitthisak, P.; Rojsitthisak, P.
Polyethylene Glycol-Chitosan Oligosaccharide-Coated Superparamagnetic Iron Oxide Nanoparticles: A Novel Drug Delivery
System for Curcumin Diglutaric Acid. Biomolecules 2020, 10, 73. [CrossRef]

25. Xu, P.; Song, J.; Dai, Z.; Xu, Y.; Li, D.; Wu, C. Effect of Ca2+ cross-linking on the properties and structure of lutein-loaded sodium
alginate hydrogels. Int. J. Biol. Macromol. 2021, 193, 53–63. [CrossRef] [PubMed]

26. Bhunchu, S.; Rojsitthisak, P.; Muangnoi, C.; Rojsitthisak, P. Curcumin Diethyl Disuccinate Encapsulated in Chitosan/Alginate
Nanoparticles for Improvement of its in vitro Cytotoxicity against MDA-MB-231 Human Breast Cancer Cells. Pharmazie. 2016, 71,
691–700.

27. Santadkha, T.; Skolpap, W.; Thitapakorn, V. Diffusion Modeling and In Vitro Release Kinetics Studies of Curcumin−Loaded
Superparamagnetic Nanomicelles in Cancer Drug Delivery System. J. Pharm. Sci. 2022, 111, 1690–1699. [CrossRef]

28. Ge, Y.; Zhang, Y.; He, S.; Nie, F.; Teng, G.; Gu, N. Fluorescence Modified Chitosan-Coated Magnetic Nanoparticles for High-
Efficient Cellular Imaging. Nanoscale Res. Lett. 2009, 4, 287. [CrossRef]

29. Abdel-Hafez, S.M.; Hathout, R.M.; Sammour, O.A. Towards Better Modeling of Chitosan Nanoparticles Production: Screening
Different Factors and Comparing Two Experimental Designs. Int. J. Biol. Macromol. 2014, 64, 334–340. [CrossRef] [PubMed]

30. Sæther, H.V.; Holme, H.K.; Maurstad, G.; Smidsrød, O.; Stokke, B.T. Polyelectrolyte Complex Formation Using Alginate and
Chitosan. Carbohydr. Polym. 2008, 74, 813–821. [CrossRef]

31. Roca, A.G.; Gutiérrez, L.; Gavilán, H.; Fortes Brollo, M.E.; Veintemillas-Verdaguer, S.; del Puerto Morales, M. Design Strategies for
Shape-Controlled Magnetic Iron Oxide Nanoparticles. Adv. Drug Deliv. Rev. 2019, 138, 68–104. [CrossRef] [PubMed]

http://doi.org/10.1016/j.carbpol.2015.10.021
http://doi.org/10.1021/acs.nanolett.6b00916
http://doi.org/10.3390/pharmaceutics13070943
http://doi.org/10.1016/j.colsurfb.2019.04.004
http://doi.org/10.1016/j.jmmm.2019.04.058
http://doi.org/10.1016/j.bmcl.2005.01.010
http://www.ncbi.nlm.nih.gov/pubmed/15713395
http://doi.org/10.1016/j.biopha.2016.12.105
http://www.ncbi.nlm.nih.gov/pubmed/28061405
http://doi.org/10.1155/2017/8471785
http://doi.org/10.15171/jhp.2018.33
http://doi.org/10.3389/fmicb.2018.01639
http://doi.org/10.1155/2016/2853045
http://doi.org/10.17221/8880-VETMED
http://doi.org/10.1371/journal.pone.0265689
http://doi.org/10.1039/C5CS00541H
http://www.ncbi.nlm.nih.gov/pubmed/26390044
http://doi.org/10.3390/biom10010073
http://doi.org/10.1016/j.ijbiomac.2021.10.114
http://www.ncbi.nlm.nih.gov/pubmed/34688674
http://doi.org/10.1016/j.xphs.2021.11.015
http://doi.org/10.1007/s11671-008-9239-9
http://doi.org/10.1016/j.ijbiomac.2013.11.041
http://www.ncbi.nlm.nih.gov/pubmed/24355618
http://doi.org/10.1016/j.carbpol.2008.04.048
http://doi.org/10.1016/j.addr.2018.12.008
http://www.ncbi.nlm.nih.gov/pubmed/30553951


Polymers 2022, 14, 5563 23 of 24

32. Wallyn, J.; Anton, N.; Vandamme, T.F. Synthesis, Principles, and Properties of Magnetite Nanoparticles for in Vivo Imaging
Applications—A Review. Pharmaceutics 2019, 11, 601. [CrossRef] [PubMed]

33. Ibrahim, H.M.; Awad, M.; Al-Farraj, A.S.; Al-Turki, A.M. Effect of Flow Rate and Particle Concentration on the Transport and
Deposition of Bare and Stabilized Zero-Valent Iron Nanoparticles in Sandy Soil. Sustainability 2019, 11, 6608. [CrossRef]

34. Burnham, P.; Dollahon, N.; Li, C.H.; Viescas, A.J.; Papaefthymiou, G.C. Magnetization and Specific Absorption Rate Studies of
Ball-Milled Iron Oxide Nanoparticles for Biomedicine. J. Nanoparticles 2013, 2013, 181820. [CrossRef]

35. Mascolo, M.C.; Pei, Y.; Ring, T.A. Room Temperature Co-Precipitation Synthesis of Magnetite Nanoparticles in a Large Ph
Window with Different Bases. Materials 2013, 6, 5549–5567. [CrossRef] [PubMed]

36. Abutalib, N.H.; Lagrow, A.P.; Besenhard, M.O.; Bondarchuk, O.; Sergides, A.; Famiani, S.; Ferreira, L.P.; Cruz, M.M.; Gavriilidis,
A.; Thanh, N.T.K. Shape Controlled Iron Oxide Nanoparticles: Inducing Branching and Controlling Particle Crystallinity.
CrystEngComm 2021, 23, 550–561. [CrossRef]

37. Schwaminger, S.P.; Syhr, C.; Berensmeier, S. Controlled Synthesis of Magnetic Iron Oxide Nanoparticles: Magnetite or Maghemite?
Crystals 2020, 10, 214. [CrossRef]

38. Dong, C.; Chen, W.; Liu, C. Preparation of Novel Magnetic Chitosan Nanoparticle and Its Application for Removal of Humic
Acid from Aqueous Solution. Appl. Surf. Sci. 2014, 292, 1067–1076. [CrossRef]

39. Gahrouei, Z.E.; Imani, M.; Soltani, M.; Shafyei, A. Synthesis of Iron Oxide Nanoparticles for Hyperthermia Application: Effect of
Ultrasonic Irradiation Assisted Co-Precipitation Route. Adv. Nat. Sci. Nanosci. Nanotechnol. 2020, 11, 025001. [CrossRef]

40. Mahmoudi, M.; Sant, S.; Wang, B.; Laurent, S.; Sen, T. Superparamagnetic Iron Oxide Nanoparticles (SPIONs): Development,
Surface Modification and Applications in Chemotherapy. Adv. Drug Deliv. Rev. 2011, 63, 24–46. [CrossRef]

41. Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; vander Elst, L.; Muller, R.N. Magnetic Iron Oxide Nanoparticles: Synthesis,
Stabilization, Vectorization, Physicochemical Characterizations and Biological Applications. Chem. Rev. 2008, 108, 2064–2110.
[CrossRef] [PubMed]

42. Podrepšek, G.H.; Knez, Ž.; Leitgeb, M. Development of Chitosan Functionalized Magnetic Nanoparticles with Bioactive
Compounds. Nanomaterials 2020, 10, 1913. [CrossRef] [PubMed]

43. Mahdavinia, G.R.; Mosallanezhad, A.; Soleymani, M.; Sabzi, M. Magnetic- and pH-responsive kappa-carrageenan/chitosan
complexes for controlled release of methotrexate anticancer drug. Int. J. Biol. Macromol. 2017, 97, 209–217. [CrossRef] [PubMed]

44. Natesan, S.; Ponnusamy, C.; Sugumaran, A.; Chelladurai, S.; Shanmugam Palaniappan, S.; Palanichamy, R. Artemisinin loaded
chitosan magnetic nanoparticles for the efficient targeting to the breast cancer. Int. J. Biol. Macromol. 2017, 104, 1853–1859.
[CrossRef] [PubMed]

45. Dhavale, R.P.; Dhavale, R.P.; Sahoo, S.C.; Kollu, P.; Jadhav, S.U.; Patil, P.S.; Dongale, T.D.; Chougale, A.D.; Patil, P.B. Chitosan
coated magnetic nanoparticles as carriers of anticancer drug Telmisartan: pH-responsive controlled drug release and cytotoxicity
studies. J. Phys. Chem. Solids. 2021, 148, 109749.

46. Roonasi, P. Adsorption and Surface Reaction Properties of Synthesized Magnetite Nano-Particles. Ph.D. Thesis, Lulea University
of Technology, Lulea, Sweden, 2007.

47. Pham, X.N.; Nguyen, T.P.; Pham, T.N.; Tran, T.T.N.; Tran, T.V.T. Synthesis and Characterization of Chitosan-Coated Magnetite
Nanoparticles and Their Application in Curcumin Drug Delivery. Adv. Nat. Sci. Nanosci. Nanotechnol. 2016, 7, 045010. [CrossRef]

48. Coates, J. Interpretation of Infrared Spectra, A Practical Approach. In Encyclopedia of Analytical Chemistry; Meyers, R.A., McKelvy,
M.L., Eds.; John and Wiley and Sons: Hoboken, NJ, USA, 2006; pp. 10815–10837.

49. Pourmortazavi, S.M.; Sahebi, H.; Zandavar, H.; Mirsadeghi, S. Fabrication of Fe3O4 nanoparticles coated by extracted shrimp
peels chitosan as sustainable adsorbents for removal of chromium contaminates from wastewater: The design of experiment.
Compos. B. Eng. 2019, 175, 107130. [CrossRef]

50. Tian, Y.; Yu, B.; Li, X.; Li, K. Facile Solvothermal Synthesis of Monodisperse Fe3O4 Nanocrystals with Precise Size Control of One
Nanometre as Potential MRI Contrast Agents. J. Mater. Chem. 2011, 21, 2476–2481. [CrossRef]

51. Karthika, V.; AlSalhi, M.S.; Devanesan, S.; Gopinath, K.; Arumugam, A.; Govindarajan, M. Chitosan Overlaid Fe3O4/RGO
Nanocomposite for Targeted Drug Delivery, Imaging, and Biomedical Applications. Sci. Rep. 2020, 10, 18912. [CrossRef]

52. Appu, M.; Lian, Z.; Zhao, D.; Huang, J. Biosynthesis of Chitosan-Coated Iron Oxide (Fe3O4) Hybrid Nanocomposites from Leaf
Extracts of Brassica Oleracea L. and Study on Their Antibacterial Potentials. 3 Biotech. 2021, 11, 271. [CrossRef]

53. Yu, R.; Shi, Y.; Yang, D.; Liu, Y.; Qu, J.; Yu, Z.Z. Graphene Oxide/Chitosan Aerogel Microspheres with Honeycomb-Cobweb and
Radially Oriented Microchannel Structures for Broad-Spectrum and Rapid Adsorption of Water Contaminants. ACS Appl. Mater.
Interfaces 2017, 9, 21809–21819. [CrossRef]

54. Zhang, B.; Hu, R.; Sun, D.; Wu, T.; Li, Y. Fabrication of Chitosan/Magnetite-Graphene Oxide Composites as a Novel Bioadsorbent
for Adsorption and Detoxification of Cr(VI) from Aqueous Solution. Sci. Rep. 2018, 8, 15397. [CrossRef]

55. Hong, P.Z.; Li, S.D.; Ou, C.Y.; Li, C.P.; Yang, L.; Zhang, C.H. Thermogravimetric Analysis of Chitosan. J. Appl. Polym. Sci. 2007,
105, 547–551. [CrossRef]

56. Barahuie, F.; Dorniani, D.; Saifullah, B.; Gothai, S.; Hussein, M.Z.; Pandurangan, A.K.; Arulselvan, P.; Norhaizan, M.E. Sustained
Release of Anticancer Agent Phytic Acid from Its Chitosan-Coated Magnetic Nanoparticles for Drug-Delivery System. Int. J.
Nanomed. 2017, 12, 2361–2372. [CrossRef]

57. Miri, A.; Najafzadeh, H.; Darroudi, M.; Miri, M.J.; Kouhbanani, M.A.J.; Sarani, M. Iron Oxide Nanoparticles: Biosynthesis,
Magnetic Behavior, Cytotoxic Effect. ChemistryOpen 2021, 10, 327–333. [CrossRef]

http://doi.org/10.3390/pharmaceutics11110601
http://www.ncbi.nlm.nih.gov/pubmed/31726769
http://doi.org/10.3390/su11236608
http://doi.org/10.1155/2013/181820
http://doi.org/10.3390/ma6125549
http://www.ncbi.nlm.nih.gov/pubmed/28788408
http://doi.org/10.1039/D0CE01291B
http://doi.org/10.3390/cryst10030214
http://doi.org/10.1016/j.apsusc.2013.12.125
http://doi.org/10.1088/2043-6254/ab878f
http://doi.org/10.1016/j.addr.2010.05.006
http://doi.org/10.1021/cr068445e
http://www.ncbi.nlm.nih.gov/pubmed/18543879
http://doi.org/10.3390/nano10101913
http://www.ncbi.nlm.nih.gov/pubmed/32992815
http://doi.org/10.1016/j.ijbiomac.2017.01.012
http://www.ncbi.nlm.nih.gov/pubmed/28064053
http://doi.org/10.1016/j.ijbiomac.2017.03.137
http://www.ncbi.nlm.nih.gov/pubmed/28359890
http://doi.org/10.1088/2043-6262/7/4/045010
http://doi.org/10.1016/j.compositesb.2019.107130
http://doi.org/10.1039/c0jm02913k
http://doi.org/10.1038/s41598-020-76015-3
http://doi.org/10.1007/s13205-021-02820-w
http://doi.org/10.1021/acsami.7b04655
http://doi.org/10.1038/s41598-018-33925-7
http://doi.org/10.1002/app.25920
http://doi.org/10.2147/IJN.S126245
http://doi.org/10.1002/open.202000186


Polymers 2022, 14, 5563 24 of 24

58. Stoia, M.; Istratie, R.; Păcurariu, C. Investigation of Magnetite Nanoparticles Stability in Air by Thermal Analysis and FTIR
Spectroscopy. J. Therm. Anal. Calorim. 2016, 125, 1185–1198. [CrossRef]

59. Lotfi, S.; Bahari, A.; Mahjoub, S. In Vitro Biological Evaluations of Fe3O4 Compared with Core–Shell Structures of Chitosan-Coated
Fe3O4 and Polyacrylic Acid-Coated Fe3O4 Nanoparticles. Res. Chem. Intermed. 2019, 45, 3497–3512. [CrossRef]

60. Hedayatnasab, Z.; Dabbagh, A.; Abnisa, F.; Wan Daud, W.M.A. Polycaprolactone-Coated Superparamagnetic Iron Oxide
Nanoparticles for In Vitro Magnetic Hyperthermia Therapy of Cancer. Eur. Polym. J. 2020, 133, 109789. [CrossRef]

61. Mansur, S.; Rai, A.; Holler, R.A.; Mewes, T.; Bao, Y. Synthesis and Characterization of Iron Oxide Superparticles with Various
Polymers. J. Magn. Magn. Mater. 2020, 515, 167265. [CrossRef]

62. Miladi, K.; Sfar, S.; Fessi, H.; Elaissari, A. Enhancement of alendronate encapsulation in chitosan nanoparticles. J. Drug Deliv. Sci.
Technol. 2015, 30, 391–396. [CrossRef]

63. Alqahtani, M.S.; Al-Yousef, H.M.; Alqahtani, A.S.; Tabish Rehman, M.; AlAjmi, M.F.; Almarfidi, O.; Amina, M.; Alshememry,
A.; Syed, R. Preparation, characterization, and in vitro-in silico biological activities of Jatropha pelargoniifolia extract loaded
chitosan nanoparticles. Int. J. Pharm. 2021, 606, 120867. [CrossRef] [PubMed]

64. Sankalia, M.G.; Mashru, R.C.; Sankalia, J.M.; Sutariya, V.B. Reversed chitosan-alginate polyelectrolyte complex for stability
improvement of alpha-amylase: Optimization and physicochemical characterization. Eur. J. Pharm. Biopharm. 2007, 65, 215–232.
[CrossRef] [PubMed]

65. Kavaz, D.; Kirac, F.; Kirac, M.; Vaseashta, A. Low Releasing Mitomycin C Molecule Encapsulated with Chitosan Nanoparticles for
Intravesical Installation. J. Biomater. Nanobiotechnol. 2017, 08, 203–219. [CrossRef]

66. Doktorovova, S.; Souto, E.B.; Silva, A.M. Nanotoxicology Applied to Solid Lipid Nanoparticles and Nanostructured Lipid
Carriers—A Systematic Review of in Vitro Data. Eur. J. Pharm. Biopharm. 2014, 87, 1–18. [CrossRef] [PubMed]

67. Truong, T.H.; Alcantara, K.P.; Bulatao, B.P.I.; Sorasitthiyanukarn, F.N.; Muangnoi, C.; Nalinratana, N.; Vajragupta, O.; Rojsitthisak,
P.; Rojsitthisak, P. Chitosan-Coated Nanostructured Lipid Carriers for Transdermal Delivery of Tetrahydrocurcumin for Breast
Cancer Therapy. Carbohydr. Polym. 2022, 288, 119401. [CrossRef]

68. White, E.E.; Pai, A.; Weng, Y.; Suresh, A.K.; Van Haute, D.; Pailevanian, T.; Alizadeh, D.; Hajimiri, A.; Badie, B.; Berlin, J.M.
Functionalized iron oxide nanoparticles for controlling the movement of immune cells. Nanoscale 2015, 7, 7780–7789. [CrossRef]
[PubMed]

69. Song, W.; Su, X.; Gregory, D.A.; Li, W.; Cai, Z.; Zhao, X. Magnetic alginate/chitosan nanoparticles for targeted delivery of
curcumin into human breast cancer cells. Nanomaterials 2018, 8, 907. [CrossRef] [PubMed]

70. Alexiou, C.; Jurgons, R.; Schmid, R.; Hilpert, A.; Bergemann, C.; Parak, F.; Iro, H. In vitro and in vivo investigations of targeted
chemotherapy with magnetic nanoparticles. J. Magn. Magn. Mater. 2005, 293, 389–393. [CrossRef]

71. Yallapu, M.M.; Othman, S.F.; Curtis, E.T.; Bauer, N.A.; Chauhan, N.; Kumar, D.; Jaggi, M.; Chauhan, S.C. Curcumin-loaded
magnetic nanoparticles for breast cancer therapeutics and imaging applications. Int. J. Nanomed. 2012, 7, 1761–1779.

72. Xie, M.; Zhang, F.; Peng, H.; Zhang, Y.; Li, Y.; Xu, Y.; Xie, J. Layer-by-layer modification of magnetic graphene oxide by chitosan
and sodium alginate with enhanced dispersibility for targeted drug delivery and photothermal therapy. Colloids Surf B Biointerfaces
2019, 176, 462–470. [CrossRef] [PubMed]

73. Al-Jamal, K.T.; Bai, J.; Wang, J.T.; Protti, A.; Southern, P.; Bogart, L.; Heidari, H.; Li, X.; Cakebread, A.; Asker, D.; et al. Magnetic
Drug Targeting: Preclinical In Vivo Studies, Mathematical Modeling, and Extrapolation to Humans. Nano Lett. 2016, 16, 5652–5660.
[CrossRef] [PubMed]

74. Wang, J.T.; Martino, U.; Khan, R.; Bazzar, M.; Southern, P.; Tuncel, D.; Al-Jamal, K.T. Engineering red-emitting multi-functional
nanocapsules for magnetic tumour targeting and imaging. Biomater. Sci. 2020, 8, 2590–2599. [CrossRef] [PubMed]

75. Yang, Y.; Jiang, J.S.; Du, B.; Gan, Z.F.; Qian, M.; Zhang, P. Preparation and properties of a novel drug delivery system with both
magnetic and biomolecular targeting. J. Mater. Sci. Mater. Med. 2009, 20, 301–307. [CrossRef] [PubMed]

http://doi.org/10.1007/s10973-016-5393-y
http://doi.org/10.1007/s11164-019-03804-5
http://doi.org/10.1016/j.eurpolymj.2020.109789
http://doi.org/10.1016/j.jmmm.2020.167265
http://doi.org/10.1016/j.jddst.2015.04.007
http://doi.org/10.1016/j.ijpharm.2021.120867
http://www.ncbi.nlm.nih.gov/pubmed/34242629
http://doi.org/10.1016/j.ejpb.2006.07.014
http://www.ncbi.nlm.nih.gov/pubmed/16982178
http://doi.org/10.4236/jbnb.2017.84014
http://doi.org/10.1016/j.ejpb.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24530885
http://doi.org/10.1016/j.carbpol.2022.119401
http://doi.org/10.1039/C3NR04421A
http://www.ncbi.nlm.nih.gov/pubmed/25848983
http://doi.org/10.3390/nano8110907
http://www.ncbi.nlm.nih.gov/pubmed/30400634
http://doi.org/10.1016/j.jmmm.2005.02.036
http://doi.org/10.1016/j.colsurfb.2019.01.028
http://www.ncbi.nlm.nih.gov/pubmed/30682619
http://doi.org/10.1021/acs.nanolett.6b02261
http://www.ncbi.nlm.nih.gov/pubmed/27541372
http://doi.org/10.1039/D0BM00314J
http://www.ncbi.nlm.nih.gov/pubmed/32238997
http://doi.org/10.1007/s10856-008-3577-0
http://www.ncbi.nlm.nih.gov/pubmed/18791664

	Introduction 
	Materials and Methods 
	Fabrication of Ch-IONPs 
	Experimental Designs 
	Single-Factor Experiments 
	Optimization Using the BBD-Based RSM 

	Fabrication of CUR-2GE-Ch-IONPs 
	Characterization 
	Storage Stability 
	In Vitro Release of CUR-2GE from CUR-2GE-Ch-IONPs 
	In Vitro Cytotoxicity Studies 
	Live/Dead Cell Staining 
	In Vitro Cellular Uptake 
	Statistical Analysis 

	Results and Discussion 
	Experimental Designs 
	Single-Factor Experiments 
	Optimization Using the BBD-Based RSM 

	Fabrication of CUR-2GE-Ch-IONPs 
	Characterization 
	Morphology 
	Encapsulation Efficiency and Loading Capacity 
	Surface Functional Groups 
	Chemical State Analysis Using XPS 
	Thermal Analysis 
	Crystalline Phase 
	Magnetic Properties 

	Storage Stability Tests 
	Release of CUR-2GE from the CUR-2GE-Ch-IONPs 
	In Vitro Cytotoxicity Studies 
	In Vitro Cellular Uptake 

	Conclusions 
	References

