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Purpose: Magnetic nanoparticles have been used in diverse pharmaceutical applications because they can potentially be used to target
specific sites. In the present work, a new type of nanocomposites is designed as a carrier of controlled bioactive agent delivery.
Methods: Amine-functionalized magnetic nanoparticles (amine-MNPs) are coupled with carboxymethyl chitosan (CMC) to generate
the nanocomposites, namely MNPs-CMC, which can be further loaded with doxorubicin (DOX) to produce MNPs-CMC-DOX. The
generated nanocomposites are characterized by using various techniques (including FTIR, '"H-NMR, DSC, TGA, SEM, TEM and
XRD). In vitro drug release studies are conducted in PBS with different pH values (1.2 and 6.8) at different temperatures (25°C and
37°C). The toxicity of the nanocomposites is tested in MCF-7 and 3T3 cells. The ROS-generating capacity of the nanocomposites is
determined in treated cells using 2°,7’-dichlorodihydrofluorescein diacetate.

Results: The structures of MNPs, CMC, and nanocomposites are confirmed by FTIR, XRD, and '"H-NMR data reveals the formation
of CMC from chitosan (CS). The size of MNPs is estimated by TEM to be around 25 nm. After conjugation with CMC, the size of the
nanocomposites increases to 46—57 nm. Based on the release profiles of MNPs-CMC-DOX, our nanocomposites are pH-responsive. In
addition, our nanocomposites show reactive oxygen species (ROS)-generating capacity and cell type-dependent toxicity.
Conclusion: Our nanocomposites show high potential for use in bioactive agent delivery. Along with their ROS-generating capacity,
they warrant further development as pH-responsive carriers for therapeutic applications.
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Introduction

Metal nanoparticles show physical and chemical properties that are different from their corresponding bulk materials.'~
For this, metal nanoparticles show high toxicity even though the same metal exhibits inertness in its bulk form.>* An
earlier study has found that gold nanoparticles (with the diameter of around 50 nm) can result in a range of toxicological
features upon administration in vivo.” A similar observation has also been reported by Park et al,” who have noted that
intratracheal and intravenous administration of platinum nanoparticles in vivo can elicit inflammation, causing an
increase in cytokine generation and in the immunoglobulin E (IgE) concentration. When the size of the nanoparticles
is small enough to enter the nucleus, the genetic material of the cell may even be affected.” More recently, Alarifi et al
reported that nickel nanoparticles cause oxidative stress in cells by stimulating the formation of reactive oxygen species.®
An increase in the level of membrane lipid peroxidation (LPO) and the amount of ROS, and a decrease in intracellular
glutathione concentrations, are observed in vitro after exposure to metal nanoparticles.” This sheds light on the possibility
of using nanoparticles as ROS-generating materials for therapeutic purposes. This possibility has been corroborated by
the case of Fe;04 (magnetite) and y-Fe,O; (maghemite) nanoparticles, which have recently been extensively exploited
for biomedical applications, including magnetic resonance imaging (MRI) and hyperthermia.'®'> For the latter, malig-
nant tumours are more sensitive to heat than normal tissues at around 41-47°C. Once magnetic metal nanoparticles enter
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cancer cells and are subjected to an alternate magnetic field, they absorb energy, with the relaxation effect producing a
heating effect to cause the death of the cancer cells.'®'® In recent years, researchers have attempted to combine magnetic
nanoparticles with a variety of anticancer agents [such as 5-fluorouracil,'® paclitaxel,?® and doxorubicin (DOX)?'] for
cancer treatment.

Apart from metal nanoparticles, natural biodegradable polymers are advancing the research front in bioactive agent
delivery.>?° For instance, chitin and its derivatives have been employed to administer drugs or nutritional supplements.-

2739 \whose various favourable properties

26 One of the most widely studied derivatives of chitin is chitosan (CS),
(including the film-forming ability, the antibacterial activity, the ability to interact with different substances, and the high
solubility across a wide pH range) enabling it and its derivatives to be adopted not only in wound therapy’' and cancer
treatment®>> but also in immunological modulation.*® In this study, we combine carboxymethyl CS (CMC), which is a
biocompatible and biodegradable polymer possessing free hydroxyl, amino, and carboxylic groups to cross-link with
diverse functional groups found in bioactive compounds,®® with ROS-generating magnetic metal nanoparticles to

fabricate a bioactive carrier for pH-responsive release of the loaded agent.

Materials and Methods

Materials

CS, ammonium hydroxide, ferrous chloride tetrahydrate (FeCl,.4H,O), ferric chloride hexahydrate (FeCl;.6H,0), 1-
ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and ethylenediamine
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium hydroxide (NaOH), isopropanol, methanol, ethanol,
glacial acetic acid, and monochloroacetic acid were purchased from SD Fine Chemicals Ltd. (Mumbai, India). DOX was
provided by Aspiro Pharma (Telangana, India).

Synthesis of Amine-Functionalized Magnetic Nanoparticles (Amine-MNPs)
Synthesis of amine-MNPs was performed as previously reported,’® with some modifications made for incorporating
amine groups onto the nanoparticle surface. In 100 mL of water, 0.6 g of FeCl,.4H,0 and 1.6 g of FeCl;.6H,O were
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added, followed by stirring at 500 rpm for 60 min under a nitrogen atmosphere. After that, 40 mL of a 30% (w/v)
ammonium hydroxide solution and 40 mL of ethylenediamine were added. The reaction mixture was stirred at 60°C for
60 min. The black precipitates formed were isolated using a magnet, washed with distilled water, air-dried, and sealed in
an airtight container for subsequent use.

Synthesis of CMC

CMC was synthesized as previously described.’” In brief, in 100 mL of isopropanol, 6 g of chitosan was added. After
being stirred at 300 rpm for 30 min, 30 mL of a 10M NaOH solution was added dropwise, followed by the addition of 15
mL of a 10% (v/v) monochloroacetic acid solution. The reaction mixture was stirred at 50°C for 6 h. 100 mL of methanol
was then added. Neutralization of the reaction mixture was performed using glacial acetic acid. The slurry was filtered.
The solid obtained was thoroughly washed using 80% (v/v) ethanol and air-dried.

Synthesis of MNPs-CMC and MNPs-CMC-DOX Nanocomposites

0.2 g of CMC was dissolved in 10 mL of water. 100 mg of amine-functionalized MNPs was added, followed by
sonication for 15 min. 0.1 g of 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and 0.1 g of
N-hydroxysuccinimide (NHS) were added. The reaction mixture was stirred for 3 h.100 mg of DOX was then added,
followed by stirring at ambient conditions for 6 h. The reaction mixture was centrifuged at 10000 rpm for 5 min. The
obtained MNPs-CMC-DOX nanocomposites were washed with ethanol and dried at 40°C in an oven. The same
procedure was adopted to generate MNPs-CMC nanocomposites but DOX was not added during the process.

Determination of Structural and Physico-Chemical Properties

Structural characterization of CMC and amine-MNPs was performed using proton nuclear magnetic resonance ('H-
NMR) spectroscopy (400 MHz) (Bruker Avance III; Bruker, USA), Fourier-transform infrared (FTIR) spectroscopy
(Bomem MB-3000; ABB Corporate, Zurich, Switzerland), and X-ray diffraction (XRD) spectroscopy (Ultima IV;
Rigaku, Japan). The structures of MNPs-CMC and MNPs-CMC-DOX were examined by using an FTIR spectrometer
(Bomem MB-3000; ABB Corporate, Zurich, Switzerland). Spectra were obtained at a resolution of 2 cm ', and reported
as an average of 16 scans. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) (DSC-SP;
Rheometric Scientific, UK) were performed by heating the sample at a heating rate of 10°C/min under a nitrogen
atmosphere from 40°C to 600°C. The morphological features of amine-MNPs and MNPs-CMC-DOX were captured
using scanning electron microscopy (SEM) (JEOL JSM 6100; JEOL, Japan). Transmission electron microscopy (TEM)
(JEOL JEM 2100; JEOL, Japan) and dynamic light scattering (DLS) (Nano-S90; Malvern, UK) were used to determine
the size of amine-MNPs and MNPs-CMC-DOX.

Evaluation of the Encapsulation Efficiency (EE)
10 mg of MNPs-CMC-DOX was dispersed in 10 mL of phosphate buffer saline (PBS) to which 0.5 mL of ethanol was
added. The dispersion was agitated in the dark under ambient conditions for 24 h. After sonicating the dispersion for 10
min, the nanocomposites were retrieved by centrifugation and crushed in PBS. The concentration of DOX in the filtrate
obtained was analysed by using a UV-Vis spectrometer (UV 3000+; Labindia, India) at a wavelength of 479.2 nm. The
EE was determined using the following formula:*®

EE (%) = 2 x 100%

where A, is the amount of DOX in the filtrate and 4, is the total amount of DOX added during MNPs-CMC-DOX
fabrication.

Determination of the Kinetics of Agent Release
To study the release patterns of MNPs-CMC-DOX, dissolution analysis was conducted using a dissolution tester
(DS8000; Labindia, India) in PBS with different pH values (1.2 and 6.8) at different temperatures (25°C and 37°C),
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with the rotation speed set to 50 rpm. 30 mg of MNPs-CMC-DOX was put into a dialysis bag and dispersed in 300 mL of
PBS. At regular time intervals, 3 mL of PBS was sampled and replaced with the same volume of fresh PBS. The
concentration of DOX in the sample was analysed by using a UV-Vis spectrometer (UV 3000+; Labindia, India) at a
wavelength of 479.2 nm. The release data obtained were fitted into various kinetics models (including the zero-order
model, first-order model, Higuchi model, and Korsmeyer-Peppas model***°) to identify the best fitted one.

Evaluation of the Cytotoxicity and ROS-Generating Capacity of the Nanocomposites
MCF7 cells and 3T3 fibroblasts were seeded into a 96 well plate, in which 200 uL. of DMEM was added to each well.
After incubating the plate at 37°C in a 5% CO, atmosphere for 24 h, the nanocomposites (MNPs-CMC and MNPs-CMC-
DOX) were added to each well to reach a desired concentration (6.25, 12.5, 25, 50 and 100 pg/mL). The cells were
treated with the nanocomposites at 37°C in a 5% CO, atmosphere for 24 h. After that, an MTT reagent was added to each
well to reach the concentration of 0.5 mg/mL. The plate was incubated at 37°C for 3 h. The unreacted reagent was then
aspirated. The violet crystals in each well were dissolved in 100 pLL of DMSO. The colour intensity was measured by an
ELISA reader at a wavelength of 570 nm. The ROS-generating capacity of the nanocomposites was determined using
2°,7’-dichlorodihydrofluorescein diacetate (H,DCFDA) as previously described.*'

Results and Discussion

Structural Characterization of the Nanocomposites

Magnetic metal nanoparticles are synthesized, modified into amine-MNPs, and coupled with CMC. Upon being loaded
with DOX, MNPs-CMC-DOX is obtained. Successful synthesis of CMC in this study is confirmed by using 'H-NMR
(Figure 1). The spectrum of CMC shows signals at 4.430 and 4.702 ppm. These signals are assigned to the two methyl
protons of the carboxymethyl group and to the —OH proton at the C3 position, respectively. Similar signals have also

1,>” who have characterized CMC using 'H-NMR in an earlier study. The success of

been found by Bukzem et a
N-carboxymethylation is confirmed by the appearance of a signal at 3.703 ppm. This signal is attributed to the two
protons of the carboxymethyl group bound to the nitrogen atom at the C2 position. To further confirm the successful
generation of CMC and amine-MNPs (Figure 2), XRD spectroscopy is adopted. The XRD pattern of amine-MNPs shows
peaks at 20 of 30.3°, 35.7°, 43.4°, 54.2°, 57.3° and 62.9°. The peaks are assigned to the (220), (311), (400), (422), (511)
and (440) planes (JCPDS card no. 19-0629), respectively. The XRD pattern of CMC shows peaks at 20 of 20.32° and

27.84°, indicating the formation of CMC from chitosan is successful.
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Figure I 'H-NMR spectrum of CMC.
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Figure 2 XRD patterns of CMC and amine-MNPs.
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Figure 3 FTIR spectra of (a) CMC, (b) amine-MNPs, (c) DOX, (d) MNPs-CMC and (e) MNPs-CMC-DOX.

To investigate the interactions among amine-MNPs, CMC and DOX, FTIR analysis is performed (Figure 3). The
spectrum of CMC shows peaks at 3207 cm ' and 3433 cm'. These peaks are caused by ~OH and —NH stretching
vibrations, respectively. This is consistent with the observation made by Nivethaa et al in their study on CMC.** Peaks at
2923 c¢m' (due to C—H stretching vibrations), 1601 cm ' (due to symmetric axial deformation of ~COOH) and
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1392 cm ™! (due to asymmetric axial deformation of —COOH) confirm the existence of carboxymethyl groups on
chitosan. Peaks at 1064 cm ™' and 1111 cm™' are assigned to C—O-C stretching vibrations, indicating the existence of
carbonyl groups. The spectrum of amine-MNPs show peaks at 578 cm ' and 624 cm™ ' (due to stretching vibrations of
Fe-0), 1595 cm™' (due to bending vibrations of NH,) and at around 3422 cm™' (due to stretching vibrations of N-H).
This suggests that amine groups are incorporated successfully onto the nanoparticle surface.

The spectrum of DOX shows peaks at 3325 cm™ ' (due to stretching vibrations of O-H and N-H), 1731 cm™' (due to
stretching vibrations of C=0), 1388 cm ' (due to bending vibrations of O-H), 1589 cm ' (due to bending vibrations of
N-H), 1072 cm™" (due to stretching vibrations of C—0), 1288 cm ' (due to stretching vibrations of C-N), 995 cm ™' (due
to bending vibrations of C=C), and 802 cm ™' (due to bending vibrations of C—H). When comparing with the spectrum of
CMC, a new peak is observed at 626 cm ™' in the spectrum of MNPs-CMC. This is a characteristic peak of amine-MNPs,
indicating that the nanoparticles are successfully conjugated with CMC. Furthermore, the peak (1596 cm ') assigned to
stretching vibrations of C=0 is lowered in the spectrum of MNPs-CMC, suggesting that the C=0 groups of CMC have
interacted with the NH, groups of amine-MNPs. This confirms the formation of MNPs-CMC. On the other hand, peaks
found in the spectrum of MNPs-CMC are found in the spectrum of MNPs-CMC-DOX, which, however, shows a new
peak at 1350 cm ™. This peak is assigned to C-O-C asymmetric stretching vibrations of DOX. Another new peak is found
at 2970 cm . It results from aromatic C-C stretching vibrations of DOX. The presence of it evidences that DOX is
loaded successfully into MNPs-CMC.

Morphological Features and Size Distribution

TEM analysis of amine-MNPs and MNPs-CMC-DOX shows that the size of amine-MNPs increases from around 7-25
nm to 4657 nm upon conjugation with CMC and upon the DOX loading process (Figure 4A and B). This is in good
agreement with the observation made by Bhattacharya and coworkers,” who have reported an increase in the size of
metal nanoparticles when the nanoparticles have been coated with the polymer matrix. The SAED patterns of amine-
MNPs and MNPs-CMC-DOX display multiple diffuse polycrystalline rings (Figure 4C and D), indicating that the size of
the nanocomposites is small. A similar observation has also been reported by an earlier study on the development of pH-
sensitive superparamagnetic iron-oxide nanocomposites for drug delivery.** The small size of the nanocomposites is
further confirmed by SEM (Figure 5A and B) and DLS (Figure 5C and D). Both techniques show that amine-MNPs and
MNPs-CMC-DOX (Figure 5B) have a diameter in the nanoscale.

Thermal Properties

The thermal stability of DOX in the nanocomposites is studied using TGA (Figure 6). The TGA curve of amine-MNPs
shows a weight loss in the temperature range from 40°C to 600°C. This is due to the loss of adsorbed moisture. The TGA
curve of CMC shows a three-stage weight loss process. The first stage is from 40°C to 244°C, resulting in a weight loss
of 28% due to the loss of adsorbed moisture. The second and third stages occur at 255-342°C and 356—-600°C, leading to
a weight loss of 26% and 13%, respectively. These two stages are the result of the degradation of the polymer backbone.
A three-stage weight loss process is also observed in the TGA curve of DOX. The first stage occurs in the temperature
range from 40°C to 196°C, leading to a weight loss of 1.4% due to the evaporation of adsorbed moisture. The second and
third stages occur in the temperature range from 198°C to 261°C and from 267°C to 600°C, causing a weight loss of 26%
and 21%, respectively, due to the decomposition of DOX. In the TGA curves of MNPs-CMC and MNPs-CMC-DOX, a
two-stage weight loss is observed. MNPs-CMC-DOX starts to decompose at 182°C, which is slightly higher than the
decomposition temperature of MNPs-CMC (165°C). Comparing with CMC alone, MNPs-CMC and MNPs-CMC-DOX
are more thermally stable. This is attributed to the interactions between amine-MNPs and CMC.

To investigate the molecular dispersion of DOX and the phase change experienced by amine-MNPs during the
fabrication of MNPs-CMC and MNPs-CMC-DOX, DSC is adopted (Figure 6). In the DSC pattern of DOX, a peak is
found at 248°C. This is the melting peak of the drug.*’ This peak is, however, absent in the DSC pattern of MNPs-CMC-
DOX, implying that DOX is dispersed evenly in the nanocomposites. The phase change from y-Fe,O3 to a-Fe,O;
explains the appearance of an endothermic peak at 581°C in the DSC pattern of amine-MNPs. This peak is not found in
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Figure 4 TEM images of (A) amine-MNPs and (B) MNPs-CMC-DOX. Scale bar = 20 nm. SAED patterns of (C) amine-MNPs and (D) MNPs-CMC-DOX. Scale bar =51 nm.

the DSC pattern of MNPs-CMC-DOX. This is because amine-MNPs in MNPs-CMC-DOX are stabilized by the
interactions between y-Fe,O5 and CMC.*®

Encapsulation and Release of the Loaded Agent

The EE of MNPs-CMC-DOX is estimated to be 54.2%. The release pattern of MNPs-CMC-DOX is examined at pH 1.2
and 6.8 at 37°C (Figure 7A and B). The release sustainability of the nanocomposites is maintained at both pH values. At
pH 1.2, 35%, 48%, 67% and 74% of the loaded agent is released after 24 h, 48 h, 72 h and 96 h, respectively. These
percentages drop to 30%, 44%, 61% and 70%, respectively, when the pH increases to 6.8. Such pH-responsiveness is
explained by the swelling property of the polymer matrix. The unreacted amine groups in CMC are protonated at lower
pH, thereby having repulsive interactions with the nearby positive charges. This disrupts the electrostatic interactions
between DOX and the polymer matrix of CMC, leading to an increase in the rate of DOX release. A similar pattern of
pH-responsive agent release is observed at 25°C. 72% of DOX is released after at pH 1.2 after 96 h but this percentage
drops to 68% when the pH increases to 6.8, indicating that the swelling property of the polymer matrix is predominately
due to pH but not temperature.*®
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Figure 5 SEM images of (A) amine-MNPs and (B) MNPs-CMC-DOX. The size distribution of (C) amine-MNPs and (D) MNPs-CMC-DOX as determined by DLS.

After fitting the release data into different kinetic models, the r* values obtained are presented in Table 1. The release
profiles of MNPs-CMC-DOX fit both the first-order model and the Higuchi model. The process of agent release,
therefore, involves the penetration of PBS into the polymer matrix and the diffusion of DOX molecules from the
nanocomposites to the external release medium, with the release rate being directly proportional to the DOX content. In
addition, to determine the release mechanism of MNPs-CMC-DOX, 60% of the release data are fitted into the
Korsmeyer-Peppas equation. The n values are in the range from 0.624 to 0.659, indicating that MNPs-CMC-DOX
follows a non-Fickian diffusion mechanism.
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Figure 6 (A) TGA and (B) DSC curves of CMC, amine-MNPs, MNPs-CMC, DOX, and MNPs-CMC-DOX.

Cytotoxic Effects and ROS-Generating Capacity

The cytotoxic effects of DOX, MNPs-CMC and MNPs-CMC-DOX are tested in MCF-7 human breast cancer cells
(Figure 8). This cell line is selected because it is one of the most studied cancer cell lines in the literature for cancer
research,*’” and hence can serve as a good model when the effect of our nanocomposites on cancer cells is evaluated.
Owing to prolonged release of DOX from the nanocomposites, the cytotoxicity of MNPs-CMC-DOX and MNPs-CMC in

MCE-7 cells is lower than that of DOX. A similar observation has been reported by previous studies,*** in which
sustained release of a toxic agent has been found to cause a reduction in the observed toxicity.
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Figure 7 Release patterns of DOX from MNPs-CMC-DOX at (A) 37°C and (B) 25°C.

After 24 h of cell treatment with MNPs-CMC-DOX (100 pg/mL), the percentage of the viability of cancer cells drops to only
8.3% (Figure 8B). Intriguingly, MNPs-CMC displays toxic effects against MCF-7 cells as well (Figure 8C). This is proposed to be
due to the ROS-generating capacity of the nanocomposites. Such hypothesis is confirmed by the increase in the intracellular ROS
level of MCF-7 cells after treatment with the nanocomposites (Figure 9A). Apart from using MCF-7 cells, the cytotoxic effects of
the nanocomposites are determined in 3T3 fibroblasts (Figure 9B). These cells are selected because their viable rates are substrate-
dependent, making them extensively used in the literature to evaluate the cytotoxicity of an agent of interest.’*>' After treatment
with the nanocomposites for 24 h at a concentration as high as 100 ug/mL, over 80% of the cells are still viable. This suggests that
the toxicity of nanocomposites varies with the cell type, being highly toxic to MCF-7 cells but showing good biocompatibility
with 3T3 fibroblasts.

Conclusion

Nanocomposites enabling controlled delivery of bioactive agents is of practical importance in treatment development.** >’ This
study conjugates amine-MNPs with CMC to generate nanocomposites as carriers of bioactive agents. Although the size of amine-
MNPs increases after conjugation with the polymer, the size of the nanocomposites is still in the nanoscale. The release pattern of
MNPs-CMC-DOX is examined at different temperatures and pH values. Not only can our nanocomposites serve as pH-
responsive carriers for controlled agent release, but they can also ROS-generating capacity to elicit cytotoxic effects.
Intriguingly, the cytotoxic effects led by our nanocomposites are cell type-dependent. To facilitate the use of the nanocomposites
in treatment development, more studies to examine the effects of various parameters (including the size and shape) on cytotoxicity
and ROS-generating capacity, as well as the elucidation of mechanisms underlying the cell type-specific toxicity, are required;
however, based on the performance of the nanocomposites as shown in this study, it is anticipated that our nanocomposites will
show high practical potential for applications in controlled release of bioactive agents.

Table | Release Kinetic Parameters of MNPs-CMC-DOX at Different pH Values (6.8 and 1.2) and Temperatures (37°C and 25°C)

pH Temperature | Zero-Order Model | First-Order Model | Higuchi Model Korsmeyer-Peppas Model
Ko ? K, ? Ky ? n ?
1.2 37°C 0.940 0.878 0.016 0.977 7.394 0.970 0.618 0.991
25°C 0.899 0.884 0.015 0.973 7.065 0.968 0.624 0.990
6.8 37°C 0.866 0.904 0.014 0.982 6.769 0.965 0.645 0.994
25°C 0.823 0914 0.013 0.980 6.415 0.960 0.659 0.994
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with DOX, (iv) treatment with MNPs-CMC, and (v) treatment MNPs-CMC-DOX. (B) Viability of 3T3 cells after treatment with DOX, MNPs-CMC-DOX, and MNPs-CMC.
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