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A B S T R A C T   

The engineered nano-vehicle was constructed using magnetic iron oxide nanoparticles (MIONs) 
and chitosan (CTS) to stabilize anticancer agent vanillic acid (VNA) which was loaded on CTS- 
coated MIONs nanocarrier, and more importantly, to achieve sustained VNA release and subse-
quent proper anticancer activity. The new thermally stable VNA-CTS- MIONs nanocomposite was 
spherical with a middle diameter of 6 nm and had a high drug loading of about 11.8 %. The 
MIONs and resulting nanocomposite were composed of pure magnetite and therefore, were 
superparamagnetic with saturation magnetizations of 53.3 and 45.7 emu.g− 1, respectively. The 
release profiles of VNA from VNA-CTS-MIONs nanocomposite in different pH values were sus-
tained and showed controlled pH-responsive delivery of the loaded VNA with 89 % and 74 % 
percentage release within 2354 and 4046 min at pH 5 and 7.4, respectively, as well as were in 
accordance with the pseudo-second-order model. The VNA-CTS-MIONs nanocomposite treatment 
at diverse concentrations remarkably decreased the viability and promoted ROS accumulation 
and apoptosis in the MDA-MB-231 breast cancer cells. Hence, it can be a propitious candidate for 
the management of breast cancer in the future.   

1. Introduction 

Breast cancer, the most common malignancy in women, had a major impact on the patient’s physical and mental health. It was the 
prime reason for cancer death amid women around the globe [1]. Breast cancer treatment options included surgical removal of the 
tumor, chemotherapy, radiation, and hormone therapy. Despite the availability of many chemotherapeutic medications, the capability 
of cancerous cells to gain resistance toward these drugs posed a significant problem for cancer treatment [2]. Additionally, the tumor 
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cells possessed relapse or distant metastasis because of the drug resistance and toxicity. About 30 % of patients treated in the early 
stages relapse, despite the availability of several therapeutic methods such as chemotherapy, hormone therapy, and radiotherapy [3]. 
Consequently, the new therapeutic approaches against breast cancer might benefit public health. 

Developments in nanotechnology have endowed the design of nanodrugs and drug nano-vehicles that could increase drug half-life, 
traverse various biological barriers, and target specified diseased areas. Cancer was denoted a crucial performer when it reached the 
nanotechnology biomedical usages, particularly through nanoparticle drug delivery systems [4–7]. In contrast with large-scale drug 
delivery systems of restrained efficacy, nanoparticle drug delivery systems afforded myriad benefits like prolonged release of drugs, 
lowered toxicity, enhanced targeting ability, and improved cellular uptake, displaying abundant potential in cancer therapy [8–10]. 
Current progress in nanoparticle drug delivery systems has been especially associated with the immensely controllable and repeatable 
creation of nanoparticles as well as utilizing new biomaterials to produce nano-reservoirs. The chemico-physical characteristics of 
nanoparticles, like structure, dimensions, form, rigidity, and surface amendment, were directly connected to the drug release time and 
duration as well as delivery efficacy. For instance, the nanoparticle’s size influenced the circulation time, crossing biological barriers, 
and organ dissemination [11–17]. 

Among these nanoparticle platforms, magnetic iron oxide nanoparticles (MIONs) have loomed as an extraordinary class of 
nanoparticles with remarkable potential for therapy and diagnosis uses, specifically cancer treatment. Holding biocompatibility, 
nontoxicity, small particle size, manipulation of their surface and structure, superparamagnetic, and external control and cell targeting 
properties, MIONs systems were broadly exploited as heat agents in magnetic hyperthermia, smart drug delivery, and magnetic 
resonance imaging contrast agents [18–23]. Though, MIONs owing to the robust magnetic dipole-dipole drawing power amongst 
nanoparticles tended to agglomerate. Polymers were extensively employed to increase the constancy and bio-inertness of MIONs [20, 
21]. Chitosan (CTS) was a natural, hydrophilic, and cationic polymer with primary amine and hydroxyl groups which was suitable to 
alter the MIONs. The desired biological properties of this natural green polysaccharide including, low immunogenicity, biocompat-
ibility, hydrophilicity, high biodegradability, and low toxicity made it a unique polymer for biomedical applications [24–30]. 

Consequently, CTS-MIONs have been used in several studies to carry the therapeutic agents and increase their therapy effects. For 
cancer cell targeting, the CTS-MIONs could deliver doxorubicin to Hep-G2 and MCF-7 cancer cells and enhance tumor cell toxicity 

Fig. 1. Process description of MIONs, CTS-MIONs, and VNA-CTS-MIONs nanocomposite production.  
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[31]. Similarly, CTS-MIONs carrying phytic acid resulted in decreased tumor growth in the HT-29 cancer cell lines [32]. Also, the 
CTS-MIONs nanocarrier containing paclitaxel had a good suppression influence in MCF-7 cancer cells [33]. Besides, the CTS-MIONs 
conjugated tannic acid showed a significant antitumor effect in vitro when cervical cancer HeLa cell lines were treated [34]. 

Vanillic acid (4-hydroxy-3-methoxy benzoic acid, VNA) was a natural phenolic compound present in numerous natural resources 
including dog rose (Rosa canina), Japanese alder (Alnus japonica), Korean peroba (Paratecoma koraiensis) and China berry (Melia 
azedarach). It was renowned for its antioxidant, antidiabetic, cardioprotective, anti-venom, anti-inflammatory, antimicrobial, anti- 
sickling, hepatoprotective, and anticancer properties [35–39]. Notably, VNA had high blood-brain barrier penetration and also 
manifested great antitumor effect, presenting excellent potential in cancer treatment by inhibition of hypoxia-inducible factor 1 (a 
significant factor in tumor tolerance to micro-environmental hypoxia, angiogenesis, and tumor growth) expression caused by hypoxia 
in diverse human cancer cell lines. It suppressed cancer cell growth in colon, breast, lung, and prostate cancers [40–42]. 

However, the fast release of VNA substantiated a very short half-life of the drug and no data was on the delivery of VNA through 
CTS-MIONs either. Therefore, we developed VNA-CTS- MIONs nanocomposite comprising MIONs coated with CTS and VNA to achieve 
VNA delivery, pH-triggered VNA release, and succeeding interactive anticancer activity. The objectives of this work were to synthesize 
and characterize VNA-CTS-MIONs nanocomposite, release the VNA in a pH-dependent way, and attain a cell-death consequence. 
Accordingly, we evaluated the thermal stability, surface morphology, and particle size, as well as sustained-release property of the 
resulting nanocomposite. Furthermore, we investigated the effects on viability in breast cancer MDA-MB-231 cells when exposed to 
this nanocomposite. 

2. Experimental 

2.1. Materials 

Chitosan (low molecular weight, deacetylation 75%–85 %) and vanillic acid of 97 % purity (C8H8O4, with molecular weight 168.1 
g mol− 1) were procured from Sigma-Aldrich (Saint Louis, MO, USA). Ferrous chloride tetrahydrate (FeCl2⋅4H2O, 99 %) and ferric 
chloride hexahydrate (FeCl3⋅6H2O, 99 %) were supplied from Merck KGaA, Darmstadt, Germany. Acetic acid solution 99.8 % was 
obtained from Hamburg Industries Inc (Hamburg, Germany) and ammonia solution (25 %) was ordered from Scharlau (Sentmenat, 
Barcelona, Spain). 

2.2. Preparation of MIONs, CTS-MIONs, and VNA-CTS-MIONs nanocomposite 

The MIONs were produced by the co-precipitation process [43]. The mixture of 2.43 g ferrous chloride tetrahydrate, 0.99 g ferric 
chloride hexahydrate, 80 mL deionized water, and 6 mL ammonia hydroxide was subjected to ultrasonic irradiation for 60 min. The 
precipitate was centrifuged and washed with deionized water (Fig. 1). 

1 % acetic acid solution was used to dissolve 1 g of CTS, then added to the MIONs suspension and stirred for 18 h at room tem-
perature. The resultant was centrifuged, washed, dried at 60 ◦C, and named CTS-MIONs (Fig. 1) [44]. 

A known amount of CTS-MIONs was added to the 2 % VNA solution (2 g VNA in 100 mL solvent). The mixture was under vigorous 
stirring for 24 h. The obtained precipitate was centrifuged, washed, and dried to acquire a VNA-CTS-MIONs nanocomposite (Fig. 1). 

2.3. Characterization of VNA-CTS-MIONs nanocomposite 

Fourier transform infrared (FTIR) spectroscopy of the samples was recorded over the range of 400–4000 cm− 1 on a spectropho-
tometer (1752X, PerkinElmer, Waltham, MA, USA) with the KBr disc method. The Lake Shore 7404 vibrating sample magnetometer 
(Lake Shore Cryotronics, Inc., Westerville, OH, USA) was used to evaluate the magnetic properties of the materials. Thermogravimetric 
and differential thermogravimetric (TGA/DTG) analysis was accomplished using a Mettler Toledo instrument (Greifensee, 
Switzerland) in the range of 20–1000 ◦C with a heating rate of 10 ◦C/min under a nitrogen atmosphere (N2 flow rate 50 mL/min). 
Powder X-ray diffraction patterns were recorded in the range of 5–70◦ with a Shimadzu XRD-6000 (Shimadzu Corporation, Kyoto, 
Japan) diffractometer using CuKα radiation (λ = 1.5418 Å) at 30 kV and 30 mA with a dwell time of 4◦ per minute. The morphology, 
middle particle size, and size distribution of the samples were observed by a transmission electron microscope (Hitachi H-7100, Tokyo, 
Japan) at an accelerating voltage of 80 and 200 kV. A Shimadzu 1650 series UV–vis spectrophotometer (Shimadzu, Tokyo, Japan) was 
used to investigate the release of VNA from VNA-CTS-MIONs. 

2.4. Loading and release of VNA from the VNA-CTS-MIONs nanocomposite 

The loading percentage of VNA loading in the VNA-CTS-MIONs nanocomposite was found by UV–Vis spectrophotometer (Shi-
madzu 1650 series, Tokyo, Japan) and equation of calibration curve. VNA-CTS-MIONs (5 mg) was dissolved in concentrated HCl/ 
HNO3 and the VNA was released 100 % from VNA-CTS-MIONs. The released quantity of VNA was determined by UV–Vis spectro-
photometer using VNA absorbance at 247 nm and calibration curves. VNA release from VNA-CTS-MIONs was measured at ambient 
temperature via a phosphate-buffered saline solution (PBS) at pH 5 and 7.4. About 85 mg of the VNA-CTS-MIONs was appended to 500 
mL of the phosphate-buffered solution. The released quantity of VNA was determined using a UV–Vis spectrophotometer at λmax = 247 
nm. The release rate of VNA from VNA-CTS-MIONs was compared with that from a physical mixture that comprised CTS-MIONs nano- 
vehicle and VNA. 
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2.5. Collection and maintenance of cells 

The MDA-MB-231 breast cancer cells were grown in a DMEM medium with FBS (10 %) using 5 % CO2 provided incubator. Followed 
by the cells reaching 80 % confluency, they were obtained by trypsinization and utilized for further cytotoxicity and fluorescent 
staining assays. 

2.6. MTT assay 

The cytotoxicity of VNA-CTS-MIONs on the breast cancer cells were investigated by MTT assay. The 96-well plate was used to grow 
the cells and exposed to various dosages of VNA-CTS-MIONs (2.5, 5, 7.5, 10, 12.5, and 15 μg/mL) for 24 h. After the completion of the 
treatment period, MTT reagent (20 μL) was added to each well along with DMEM (100 μL) for 4 h. After that, the developed formazan 
depositions were dissolved by adding the 100 μL DMSO into the well, and finally absorbance was assessed using a microplate reader at 
570 nm. 

2.7. Dual staining 

The apoptosis level in the control and VNA-CTS-MIONs-exposed MDA-MB-231 cells were determined using a dual staining tech-
nique. Briefly, cells were cultivated on a 24-wellplate and then cells were treated with the 7.5 μg/mL of VNA-CTS-MIONs or 2 μg of 
doxorubicin (DOX, standard drug) for 24 h. After the completion of treatments, an AO/EB fluorescent stain (100 μg/mL) at 1:1 ratio 
was mixed with the cells for 5 min to stain the cells. The stained cells were examined using a fluorescence microscope to investigate the 
developed fluorescence. 

2.8. DCFH-DA staining 

The ROS production level in the untreated and VNA-CTS-MIONs nanocomposite-exposed cells were examined by the DCFH-DA 
staining technique. The breast cancer cells were cultured and then treated with 7.5 μg/mL of VNA-CTS-MIONs nanocomposite or 2 
μg DOX for 24 h. Later in the treatment period, 10 μL DCFH-DA was mixed in the cells for 10 min to stain the cells. Finally, the intensity 
of the formed fluorescence was investigated using a fluorescence microscope to measure the endogenous ROS level. 

Fig. 2. XRD spectra of MIONs (A), VNA-CTS-MIONs nanocomposite (B), and VNA (C).  
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3. Results and discussion 

3.1. XRD analysis 

The XRD spectra of synthesized MIONs, VNA-CTS-MIONs nanocomposite, and free VNA were displayed in Fig. 2 (A-C). Fig. 2A 
indicated six characteristic peaks for MIONs at 2θ values of 30.1◦, 35.4◦, 43.1◦, 53.5◦, 57.8◦, and 62.3◦ which corresponded to the 220, 
311, 400, 422, 511, and 440 crystallographic planes of the inverse spinel MIONs crystal [45,46]. Additionally, these peaks were 
observed for the VNA-CTS-MIONs nanocomposite in Fig. 2B that exhibited the coating process did not alter the crystalline network of 
MIONs [33,47]. What is more, the average crystallite size (D) of MIONs could be determined by the Debye-Scherrer equation, D =
Kλ/βcosθ [48,49] where, K was a constant, λ was wavelength, β was the peak width of half-maximum, and θ was the diffraction angle. 
The middle diameter of MIONs was calculated at around 9 nm. 

3.2. FTIR analysis 

The successful formation of MIONs, CTS-MIONs, and VNA-CTS-MIONs nanocomposite was substantiated by FTIR analyses and the 
spectra of MIONs, CTS-MIONs, VNA-CTS-MIONs nanocomposite, and VNA were shown in Fig. 3(A-D). The broad characteristic bands 
were observed at 3415 cm− 1, 3418 cm− 1, and 3406 cm− 1 in Fig. 3A, B, and C were ascribed to OH stretching vibration. The char-
acteristic peak of Fe–O stretching in Fe3O4 was detected at 569 cm− 1 and 565 cm− 1 in FTIR spectra of MIONs (Fig. 3A) and CS-MIONs 
(Fig. 3B), respectively, and it appeared at 579 cm− 1 in FTIR spectra of VNA-CTS-MIONs nanocomposite that proved the presence of 
MIONs [50]. Three absorption bands at 1624 cm− 1, 1384 cm− 1, and 1062 cm− 1 were observed in Fig. 3B that could be attributed to 
N–H bending vibration, –C–O stretching of the alcohol group, and glycosidic bond stretching vibration, respectively in CTS [51–53]. 
These results confirmed the successful coating of MIONs by CTS biopolymer. The FTIR spectra of VNA in Fig. 3D, demonstrated 
numerous strong, sharp charcteristic peaks that were caused by various functional groups present in VNA including phenol, carboxylic 
acid and, ether groups. The carbonyl group of the carboxylic acid functional group recorded a band at 1679 cm− 1 and OH stretching 
vibration appeared at 3482 cm− 1. The peaks at 1597 cm− 1, 1521 cm− 1, and 1471 cm− 1 were attributable to the CH stretching of the 
aromatic ring while the peaks at 1432 cm− 1 and 1382 cm− 1 were related to the CH3 bending and ring stretching. CO (COH) stretching 
vibration of the carboxylic acid functional group was detected at 1297 cm− 1, CO (C–O–CH3) stretching at 1237 cm− 1 and 1110 cm− 1, 
and CO stretching of the phenol functional group (Ar-OH) at 1205 cm− 1. The peak at 917 cm− 1 was ascribed to the OH bending of the 
COOH functional group and CH bending vibrations [35,37,54]. The disappearance of typical peaks of carboxylic acid functional group 

Fig. 3. FTIR spectra of MIONs (A), CTS-MIONs (B), VNA-CTS-MIONs nanocomposite (C), and VNA (D).  
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at 1679 cm− 1 and 917 cm− 1 and observation of stretching vibrations at 1598 cm− 1 and 1398 cm− 1 due to the new amide linkage 
besides the bending vibration of N–H at 1561 cm− 1 in FTIR spectra of VNA-CTS-MIONs nanocomposite (Fig. 3C) revealed that VNA 
was successfully loaded on CTS-MIONs. The CH stretching vibrations of the aromatic ring were detected at 1508 cm− 1 and 1456 cm− 1 

and the peaks at 1285 cm− 1, 1114 cm− 1, and 1027 cm− 1 were associated with the CO groups (Fig. 3C). 
The solubility of CTS biopolymer in acetic acid resulted in the creation of NH+ 3 in CTS structure and the findings supported the 

interaction of VNA with these amino groups of CTS via hydrogen bonds as well as CTS interaction with MIONs through glycosidic 
bonds (Fig. 4). 

3.3. Thermal analysis 

The TGA/DTG curves of VNA, MIONs, and VNA-CTS-MIONs nanocomposite were exposed in Fig. 5. The TGA/DTG curve of VNA 
(Fig. 5A) disclosed one main thermal event at 217 ◦C with a mass loss of 98.9 % ascribable to the decomposition of VNA. For MIONs 
Fig. 5B demonstrated two weight loss steps at 47 ◦C and 120 ◦C which could be assigned to the removal of the surface hydroxyl groups 
and residual water [55,56]. Fig. 5C contained two stages of mass loss for VNA-CTS-MIONs nanocomposite at 304 ◦C and 633 ◦C. These 
stages were ascribed to the decomposition of VNA and CTS biopolymer with 13.1 % and 6.4 % of weight loss. The temperature region 
in VNA-CTS-MIONs nanocomposite was higher than for free VNA which verified the coating procedure enhanced the thermal con-
stancy of VNA. 

Fig. 4. Scheme illustrating of the interaction amid MIONs, CTS, and VNA in the VNA-CTS-MIONs.  
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Fig. 5. TGA/DTG curves of VNA (A), MIONs (B), and VNA-CTS-MIONs (C).  

Fig. 6. Magnetization curves of MIONs (A) and VNA-CTS-MIONs nanocomposite (B) measured at room temperature. The inset shows the magnetic 
behaviour in low magnetic fields. 
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(caption on next page) 
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3.4. Magnetic properties 

The magnetic properties of MIONs and VNA-CTS-MIONs nanocomposite were revealed in Fig. 6 (A and B). The MIONs’ magne-
tization curve (Fig. 6A) exhibited saturation magnetization (Ms) of about 53.3 emu/g compared with 45.7 emu/g for VNA-CTS-MIONs 
nanocomposite (Fig. 6B). Both samples manifested zero remnance and coercivity which offered superparamagnetic properties in 
MIONs and VNA-CTS-MIONs nanocomposite. The lower magnetization of the VNA-CTS-MIONs nanocomposite corroborated that CTS 
biopolymer bound to MIONs and anticancer agent, VNA was loaded on the surface of the CTS-MIONs nanovector. 

3.5. Determination of middle size and size distribution features 

Transmission electron microscopy (TEM) micrographs and size distribution of MIONs and VNA-CTS-MIONs were shown in Fig. 7. It 
could be seen from images (Fig. 7A and B) that particles in both samples; MIONs and VNA-CTS-MIONs were nanosized with nearly 
spherical shapes. The middle diameter of MIONs was about 16 ± 5 nm (Fig. 7A and C) compared with 6 ± 4 nm for VNA-CTS-MIONs 
nanocomposite (Fig. 7B and D). The smaller particle size of the nanocomposite might be due to the vigorous stirring for a long time 
after the addition of the CTS and VNA, as well as the same consequences were reported by the literature [32,57,58]. 

Fig. 7. TEM images for MIONs (A) and VNA-CTS-MIONs (B), and particle size dispersal of MIONs (C) and VNA-CTS-MIONs (D).  

Fig. 8. Release curves of a physical mixture of VNA with CTS-MIONs at pH 7.4 and pH 5 (A) and release curves of VNA from VNA-CTS-MIONs at pH 
7.4 and pH 5 (B). 
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Fig. 9. Suiting of the data for VNA release from VNA-CTS-MIONs in diverse solutions to the first-order, pseudo-second order kinetics and parabolic 
diffusion model for pH 7.4 (A–C) and pH 5 (D–F). 
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3.6. In vitro release study of VNA from VNA-CTS-MIONs nanocomposite 

To substantiate pH-responsive controlled release of anticancer active agent, VNA from VNA-CTS-MIONs nanocomposite, in vitro 
release of VNA from obtained nanocomposite were performed in phosphate-buffered solution (PBS) with pH 7.4 (blood) and 5 
(intracellular environment), as presented in Fig. 8. The pH values were chosen by holding in view of the physiological pH of normal 
tissue and blood (pH 7.4) and intracellular pH of cancer tissue (pH 5). The release patterns for the physical mixture of VNA in pH 5 and 
pH 7.4 PBS were indicated in Fig. 8A. It turned up that VNA was rapidly released from the physical mixture and VNA release was 
accomplished in 2 min at pH 5 and 7.4. This was a consequence of the low electrostatic attraction between VNA and CTS-MIONs. 
Fig. 8B exhibited the release rate of VNA at pH 5 and 7.4 PBS and showed that the VNA release profiles from VNA-CTS-MIONs 
nanocomposite were sustained and depended on pH in compared to the VNA release from the physical mixture in pH 5 and pH 7.4 
PBS. Triggered by the intracellular pH of cancer tissue (pH 5), VNA-CTS-MIONs nanocomposite could cause almost fast release of VNA 
under an acidic condition compared to pH 7.4 and induced CTS- MIONs nanocarrier dismantlement along with VNA release. The 
release rate at pH 7.4 is substantially less than that at pH 5. The maximum percent release of VNA from the VNA-CTS-MIONs reached 
89 % and 74 % in about 2354 and 4046 min when subjected to pH 5 and 7.4, respectively. The dissimilar release rates at pH 5 and 7.4 
PBS were presumably owing to the various release mechanisms of VNA from the VNA-CTS-MIONs nanocomposite. The VNA-CTS- 
MIONs nanocomposite was more durable at pH 7.4, and the VNA release from VNA-CTS-MIONs nanocomposite might occur via an 
anion substitution process between the VNA anions and phosphate anions in the PBS [33,59–62]. The sustained and 
pH-dependent-ascertained trend in the release profile of VNA from VNA-CTS-MIONs nanocomposite can be elucidated by conceiving 
the controlled release and pH-responsive physicochemical characteristics of the CTS-MIONs nano-vector which escalates drug half-life 
period and enhances therapeutic response in cancer therapy. 

The data of the in vitro release mechanism of VNA from CTS-MIONs nano-vehicle gave diverse beneficial structural and kinetic 
parameters for its in vivo usage in interior cellular environments. Thus, we explored the release profiles of VNA-CTS-MIONs nano-
composite with three kinetic models; pseudo-first-order (equation (1)) [63,64], pseudo-second-order (equation (2)) [65], and para-
bolic diffusion (equation (3)) [66].  

ln(qe-qt) = lnqe – k1t                                                                                                                                                                (1)  

t/qt = 1/k2qe
2 + t/qe                                                                                                                                                                (2)  

(1-Mt/Mo)/t = k3t− 0.5 + b                                                                                                                                                        (3) 

The qe and qt were the equilibrium release amount and the release amount at time t, respectively, k was the invariant of the related 
release rate, and M0 and Mt showed the remained VNA amount in the VNA-CTS-MIONs at release times 0 and t, respectively. 

Suiting the data for the release of anticancer agent, VNA to these kinetic models, it emerged that the pseudo-second-order kinetic 
model described satisfactorily the release of VNA from VNA-CTS-MIONs at both pH levels (Fig. 9A–F and Table 1). These results were 
very akin to the release kinetic investigation of the protocatechuic acid and chlorogenic acid from Zn/Al-layered double hydroxide [67, 
68]. 

The correlation coefficient (R2) and k2 values were 0.9680 and 1.58 × 10− 5 L/mg.min for pH 7.4 (Fig. 9B and Table 1), compared to 
0.9964 and 4.79 × 10− 5 L/mg.min for pH 5 (Fig. 9E and Table 1), respectively. 

3.7. Effect of VNA-CTS-MIONs nanocomposite on the breast cancer cell viability 

The findings of the VNA release test proposed to investigate the cellular intake and cytotoxicity of VNA-CTS-MIONs. In the present 
work, the anticancer effects of VNA-CTS-MIONs were assessed against MDA-MB-231 cells. The MTT test was conducted to assess the 
VNA-CTS-MIONs-treated cell growth (Fig. 10). The exposure of several dosages of the VNA-CTS-MIONs (2.5–15 μg/mL) remarkably 
diminished the cell growth in dosage-dependently when compared to control. The 7.5 μg/mL of VNA-CTS-MIONs treatment resulted in 
a lower than 50 % reduction in MDA-MB-231 cell viability; consequently, 7.5 μg/mL was selected as an IC50 concentration for 
additional studies. 

3.8. Effect of VNA-CTS-MIONs on the ROS accumulation in the MDA-MB-231 cells 

The nanoparticles catalyzed the generation of ROS with the help of oxygen species, which could produce oxidative stress in several 
tumor cells. When oxidant and antioxidant levels were balanced, ROS-mediated oxidative stress could regulate many physiological 

Table 1 
Correlation coefficient (R2), rate constants (k2), and half time (t1/2) values gained by suiting the data of the release of VNA from VNA-CTS-MIONs in 
PBS at pH 5 and 7.4.  

Aqeous solution saturation release (%) R2 Pseudo-second order 

Pseudo- first order Pseudo- second order Parabolic diffusion Rate constant, K2 (L/mg.min) t1/2 (min) 

pH 7.4 74 0.8554 0. 9680 0.7605 1.58 × 10− 5 693 
pH 5 89 0.9756 0.9964 0.8309 4.79 × 10− 5 218  
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activities, including cell growth, apoptosis, and necrosis. Chemotherapeutic drugs, cytotoxic agents, and nanoparticles all contributed 
to an equilibrium between oxidants and antioxidants in cancer cells, thereby facilitating cell death [69]. 

The level of ROS production in the untreated and VNA-CTS-MIONs nanocomposite-exposed MDA-MB-231 cells were investigated 
by the DCFH-DA fluorescent staining assay. As per the outcomes illustrated in Fig. 11, the treatment with 7.5 μg/mL VNA-CTS-MIONs 
nanocomposite resulted in increased green fluorescence, which correlated to the upsurge in ROS buildup in MDA-MB-231 cells than 
the control. Therefore, it was proved that the VNA-CTS-MIONs nanocomposite boosted endogenous ROS accumulation, which could 
promote apoptosis in MDA-MB-231 cells. It was well known that enhanced ROS production promoted mitochondria-dependent cell 
death pathways [70]. 

3.9. Effect of VNA-CTS-MIONs nanocomposite on the apoptosis level in breast cancer cells 

Apoptosis, a type of programmed cell death, was essential for the proper development and maintenance of tissues. Deregulation of 
apoptosis was linked to both the development of cancer and resistance to treatment. Defects in cancer suppressor genes led to cancer 
development by disrupting apoptotic signaling [71]. Membrane disruption, growth arrest, cytoplasmic reduction, and cell aggregation 
were all potential precipitating factors in apoptosis. The apoptosis in the breast cancer cells was investigated by dual staining technique 
and the outcomes were presented in Fig. 12. The untreated cells revealed increased green fluorescence without apoptosis. However, 
the treatment with the 7.5 μg/mL VNA-CTS-MIONs nanocomposite substantially increased the orange/yellow fluorescence, which 
indicated the increased presence of apoptosis in the breast cancer cells. The apoptosis-triggering potentials of the VNA-CTS-MIONs 
were supported by the outcomes of DOX treatment that also elevated apoptosis in the breast cancer cells. The anticancer effective-
ness of medicines was largely thought to be driven by apoptosis induction in tumor cells [72]. Cancer cells experiencing apoptosis 
exhibited a wide variety of morphological alterations, including cellular shrinkage, membrane blebbing, and nuclear fragmentation 
[73]. These morphological changes were also seen in the MDA-MB-231 cells, which were exposed to the VNA-CTS-MIONs 
nanocomposite. 

4. Conclusions 

Extended-release, structurally robust, and pH-sensitive nanocarrier was developed for tumor-specific delivery of an anticancer 
agent. This study showed that the new nanocomposite, VNA-CTS-MIONs containing a novel CTS-MIONs nano-reservoir and anticancer 
agent, VNA has been successfully synthesized. The binding of the CTS on the MION surface was asserted by FTIR, similar to the loaded 
VNA. The VNA loading in the nanohybrid was 11.8 % and release of VNA from fabricated nanocomposite was pH-depended and in a 
prolonged way with total equilibrium release of 74 % in 4046 min and 89 % in 2354 min at pH 7.4 and 5 PBS, respectively. The pseudo- 
second-order kinetic model was the perfect match for VNA release from the nanocomposite and the TEM size image of MIONs and 
VNA-CTS-MIONs nanocomposite was about 16 and 6 nm, respectively. The TGA/DTG thermograms signified that the thermal con-
stancy of VNA enhanced in the nanocomposite and CTS-MIONs nano-carrier enhanced thermal stability of VNA and saturation 
magnetizations of 53.3 was also observed for the superparamagnet nanocomposite. The VNA-CTS-MIONs nanocomposite treatment 
effectively reduced the viability and promoted ROS production and apoptosis in the MDA-MB-231 cells. Therefore, it can be a pro-
spective anticancer agent for the cure of breast cancer. 
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