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Abstract

:

In clinical applications for cancer treatment, chemotherapy coupled with thermotherapy is highly considered. The development of multifunctional nanocomposite materials is an appealing strategy for use in various applications including biomedical applications. We present the preparation of dopamine-modified mesoporous silica material, in which magnetic iron oxide nanoparticles (FeNP) were grown onto the outer surface via the complexation of iron (Fe(III) and Fe(II)) ions with the dopamine groups modified on the silica hybrid and subsequent chemical reduction approaches. The prepared magnetic iron oxide incorporated with mesoporous silica hybrid composite nanoparticles (FeNP@MSHC NPs) had a large surface area (346 m2/g), pore size (3.2 nm), and pore volume (0.048 cm3/g). The formation of FeNP on the outer surface of the FeNP@MSHC NPs results in superparamagnetic characteristics. Furthermore, the prepared FeNP@MSHC NPs have a high drug (Dox) loading capacity (~62%) as well as pH- and temperature-responsive drug release efficiency. In addition, the MTT assay result shows the biocompatibility of the prepared FeNP@MSHC NPs. As a result, the FeNP@MSHC NPs could be utilized in cancer treatment for pH and temperature-sensitive delivery of chemotherapeutic agents to the target sites.
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1. Introduction


Recently, researchers have been focusing on developing nanomaterials that integrate two or more functionalities to improve efficiency [1,2,3]. The nanomaterials are attracting much research attention due to their unique physicochemical properties as well as their practical usefulness in a range of applications including drug/gene delivery [4,5,6,7,8]. Ordered mesoporous silica nanoparticles are thought to be promising among the materials used for various applications because of their physicochemical structural characteristics and cell compatibility [9,10,11,12]. Organofunctional units introduced into silica nanoparticles may extend their uses in various applications [13,14,15,16,17].



The mesoporous silicas with magnetic nanoparticles have recently gained more attention from researchers due to their non-toxicity, biodegradability, ease of separation by an external magnetic field, as well as their recyclability [18,19,20]. As a result, much effort has been put into developing magnetic silica materials for a wide range of applications [21,22,23]. Magnetic nanoparticles incorporated with mesoporous silica nanoparticles have advantages such as allowing for high loading efficiency of payloads. In addition, fast accumulation kinetics can be achieved, and it could be directed to the target sites by applying an external magnetic field. The formation of small magnetic nanoparticles on the silica surfaces via metal–ligand complexation could be regarded as a simple method for producing magnetic silica composites [24,25]. Because magnetic nanoparticles are present on the exterior surfaces, the internal mesopore channels remain vacant, allowing them to access a wide range of cargoes. Moreover, the magnetic nanoparticles on the outer surface of silicas can improve heating capacity when applying an external magnetic field [26,27].



The stimuli-responsive nanoparticle-based drug delivery system is regarded as a promising cancer treatment platform because these nanomaterials react to internal and exterior stimuli such as pH, enzymes, and temperature [28]. pH stimulus is regarded to be the most effective of all stimuli due to the pH difference in the body between normal cells and cancerous sites. Most tumor tissues have an acidic pH as compared to normal cells, which facilitates selective drug release [29]. Concurrent administration of drugs and intracellular hyperthermic heat into tumor tissues can considerably increase the synergistic benefits of chemotherapy [30]. The magnetic mesoporous silica-based drug delivery technology has the unique advantage of allowing nanoparticles to be injected into the body and accumulated at specific sites by an external magnetic field. As a consequence, the nanocarrier can efficiently release the therapeutic agents to specific sites while causing no harm to healthy cells [31]. The pH-responsive nanocarriers can effectively retain the loaded drugs under physiological pH and deliver them under acidic pH environments. Temperature stimulation can also increase drug molecule solubility and diffusion rate from the drug carrier system.



This work proposed the preparation of a magnetic mesoporous silica hybrid nanocarrier by growing magnetic iron oxide (FeNP) nanoparticles on the outer silica surfaces using a metal–ligand complexation and chemical reduction technique. To begin, mesoporous silica nanoparticles were created by sol-gel co-condensing a dopamine-silane (DP) precursor and a silica source, tetraethyl orthosilicate (TEOS). Second, the exterior silica surface of the as-synthesized samples was modified with DP precursor. Finally, magnetic iron oxide nanoparticles were produced on the outer surface of silica particles by introducing ferric (Fe3+) and ferrous (Fe2+) ion solutions, followed by chemical reduction. Doxorubicin (Dox) was employed to assess the drug loading and delivery efficiency of the produced magnetic mesoporous silica hybrid composite nanoparticles (FeNP@MSHC NPs) at pH 7.4 and 5.0 and temperatures of 25 °C and 42 °C, respectively. Further, the in vitro cell compatibility and cell-uptake behavior of the prepared FeNP@MSHC NPs were also determined using MDA-MB-231 cells.




2. Materials and Methods


2.1. Reagents


Tetraethyl orthosilicate (TEOS, 98%), (3-glycidyloxypropyl)trimethoxysilane (GPTMS, 95%), iron(III) chloride (FeCl3, 97%), iron(II) chloride (FeCl2, 98%), dopamine hydrochloride (98%), ammonium hydroxide (28%), doxorubicin hydrochloride (Dox), tetrahydrofuran (THF, 99%), were purchased from Aldrich Chemicals. All the chemicals were used as received.




2.2. Synthesis of Dopamine-Silane (DS) Precursor


To synthesize the dopamine-silane precursor, 0.5 g (3.2 mmol) of dopamine hydrochloride was dissolved in a 100 mL round-bottomed flask with 50 mL of anhydrous THF. Approximately 0.8 g (3.2 mmol) of GPTMS was added to this under vigorous stirring in a nitrogen environment at 45 °C for 24 h (Scheme 1, step 1). After the reaction was completed, the product was concentrated and purified further using hexane. Vacuum drying was used to dry the resulting viscous mass. 1H NMR (400 MHz, CDCl3): δ0.42 (t, 4 H, SiCH2), δ1.05 (t, 18 H, CH2CH2O), δ1.59 (t, 4H, SiCH2CH2), δ3.62 (t, 4H, NH), δ6.4–7.2 (m, 18 H, aromatic) (Figure 1a).




2.3. Synthesis of Dopamine-Silane Integrated with Mesoporous Silica Nanoparticles


To create a dopamine-silane precursor integrated with mesoporous silica nanoparticles, sol-gel hydrolysis and a co-condensation approach were used [32]. Under magnetic stirring, about 1 g of CTAB was dissolved in 180 mL of deionized water containing ammonia solution (3 g). The premixed solution of DS precursor (20 mol%) and TEOS (80 mol%) was gently introduced into the surfactant solution under strong magnetic stirring once the solution became clear. The resulting mixture was then stirred for 24 h at 40 °C and another 24 h at 85 °C. The obtained product was filtered, rinsed with water and ethanol, and dried at 60 °C. The as-prepared sample was labeled MSHC@CTAB NPs (Scheme 1, step 2).




2.4. Synthesis of Iron Oxide NPs Incorporated Mesoporous Silica Composite Nanoparticles


(FeNP@MSHC NPs)


To produce magnetic iron oxide nanoparticles on the as-made DS@MSHC@CTAB NPs’ outer surface, the DS@MSHC@CTAB NPs were first modified with DS precursor units. To do so, 0.5 g of as-made DS@MSHC@CTAB NPs sample was dispersed in 50 mL dry toluene, and 5 mL (0.2 M) of DS precursor solution was added under reflux conditions at 80 °C for 24 h. The obtained suspension was filtered, washed with toluene and ethanol, and dried at 60 °C. (Scheme 1, step 3). The magnetic iron oxide nanoparticles were formed on the outer surface of the DS@MSHC@CTAB NPs in the next step by dispersing them (0.5 g) in 250 mL deionized water. A mixture of iron precursor was introduced as follows. First, 50 mg (0.07 mmol) of FeCl3 solution was gently added for 15 min during magnetic stirring to produce a Fe(III)-dopamine complex on the outer surface of the DS@MSHC@CTAB NPs (Scheme 1, step 4) [33]. Following that, 50 mg (0.07 mmol) of FeCl2 solution was added under magnetic stirring for 30 min, followed by 5 mL of ammonia solution under strong magnetic stirring to generate magnetic iron oxide nanoparticles (FeNP) on the outer surface of the DS@MSHC@CTAB NPs (Scheme 1, step 5). Finally, using an alcoholic ammonium nitrate solution, the occluded CTAB was removed from the magnetic iron oxide nanoparticles produced samples. To carry out this procedure, 0.5 g of DS@MSHC@CTAB NPs sample (0.5 g) was dispersed in 200 mL deionized water, and alcoholic ammonium nitrate solution (25 mL) was added while strong magnetic stirring was carried out at 60 °C for 12 h. The extraction procedure was performed three times before being dried at 60 °C. The magnetic iron oxide nanoparticles modified with dopamine silane functionalized mesoporous silica composite nanoparticles were labeled as FeNP@MSHC NPs (Scheme 1, step 6).





2.5. Characterization


The X-ray diffraction (XRD) patterns were measured on X’Pert-MPD system (Philips, Almelo, The Netherlands) X-ray diffractometer with Cu Kα radiation. N2 adsorption-desorption isotherms were measured at a liquid nitrogen temperature (−196 °C) using a Nova 4000e surface area analyzer. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The magnetic behavior of the sample was analyzed by using a superconducting quantum interference device (SQUID) at 300 K on a quantum design vibrating sample magnetometer (VSM) (MPMS XL, 7.0). Transmission electron microscopy (TEM) was performed on JEOL JEM-2100F at 200 kV.




2.6. Drug Loading into the FeNP@ MSHC NPs


Dox was employed to investigate the drug-loading behavior of the FeNP@MSC NPs. For drug loading, 100 mg of FeNP@MSHC NPs were ultrasonically dispersed in Dox solution (5 mL, 1 mg/mL ethanol) for 5 min before being magnetically stirred for 24 h. Finally, the sample was centrifuged and rinsed with 1 mL of water to remove surface adherent drug molecules. The drug-loaded sample was labeled FeNP@MSHC/Dox NPs (Scheme 1, step 6). The washing solution was collected to assess the drug encapsulation using UV-vis spectrometry as follows. Drug loading (%) = Wt. of the drug in sample/Wt. of drug injected × 100. The FeNP@MSHC/Dox NPs were estimated to have a maximum drug loading of approximately ~62%.




2.7. Drug Release Study from the FeNP@MSHC/Dox NPs


In vitro drug delivery experiments were carried out at different settings, including (i) variable pH (pH 7.4 and 5.0); (ii) varied temperature (25 °C and 42 °C); and the combined pH and temperature (pH 7.4/42 °C and pH 5.0/42 °C). To investigate the drug delivery performance of the prepared FeNP@MSHC/Dox NPs, about 100 mg of Dox-loaded FeNP@MSHC/Dox NPs were taken in a dialysis bag (MWCO 12 kDa) and immersed in 20 mL of PBS medium with a predetermined pH setting while magnetic stirring was performed. UV-vis spectrometric measurement at 498 nm was used to monitor the Dox release from the FeNP@MSHC/Dox NPs. For this measurement, 1 mL of the buffer medium containing the released drug was taken at a predetermined time and analyzed with a UV-vis spectrometer.




2.8. MTT Assay Analysis of the FeNP@MSHC/Dox NPs


MDA-MB-231 cells were used to test the cell compatibility of the prepared FeNP@ MSHC NPs and FeNP@MSHC/Dox NPs, respectively. To perform this study, cells were grown in 96-well plates (1 × 104 cells/well) with Dulbecco’s modified eagle’s medium (DMEM) at 37 °C for these studies. The FeNP@MSHC/Dox NPs sample was then exposed to the cultivated cells at various doses and incubated for 24 h. After 24 h, about 20 µL of the MTT solution was used to dissolve the formazan crystals in each well and then the optical density (OD) was evaluated at 570 nm. Cell viability was determined as follows [34]. Cell viability (%) = ODtreated/ODcontrol × 100. where ODtreated: the cells exposed with the FeNP@MSHC NPs and FeNP@MSHC/Dox NPs, respectively. The ODcontrol: only control cells without sample.




2.9. Cell-Uptake Study


MDA-MB-231 cells were used to examine the cell uptake of FeNP@MSHC/Dox NPs. For this experiment, FeNP@MSHC/Dox NPs (10 μg/mL) were exposed to MDA-MB-231 cells for 5 h. The cells were then rinsed with a cold PBS solution to eliminate surface-adhered particles. The cells were then fixed for 15 min in a 4% paraformaldehyde solution. Finally, the cells were examined using a fluorescence spectrophotometer.





3. Results and Discussion


3.1. Characterization of the FeNP@MSHC NPs


The presence of dopamine-silane functional groups in the FeNP@DS@MSC NPs was verified by FTIR analysis. The FTIR spectrum of FeNP@MSHC NPs is shown in Figure 1a. The vibration bands at 1060 cm−1 and 961 cm−1, as shown in Figure 1a, were ascribed to Si-O-Si and hydroxyl groups, respectively [35]. The broad band appeared around 3442 cm−1 indicating the stretching modes of hydroxyl (Si-OH) groups. The alkyl C-H band for the alkyl chains present in the existing dopamine-silane functional units was shown by the bands at 2959 cm−1 and 2867 cm−1. Furthermore, the carbonyl (-C=O) and amine (-N-H) groups have stretching peaks at 1489 cm−1 and 1558 cm−1, respectively, while the aromatic dopamine groups have C-O and C=C vibrations at 1423 cm−1 and 1394 cm−1. Furthermore, the typical vibration band for Fe-O stretching emerged around 567 cm−1, suggesting the presence of magnetic iron oxide nanoparticles in the FeNP@MSHC NPs [36]. The presence of organosilane functionalities and magnetic iron oxide nanoparticles in the FeNP@MSHC NPs is confirmed by FTIR data.



Figure 1b,c depicts TEM images of the FeNP@MSHC NPs. The formation of mesopores in the FeNP@MSHC NPs was confirmed by TEM image (Figure 1b), and the presence of magnetic iron oxide nanoparticles on the FeNP@MSHC NPs was visualized from the dark black spots indicated in arrows (Figure 1c), indicating that the FeNPs were formed by the chemical reduction process. The sample consists of several individual iron oxide nanoparticles on the FeNP@ MSHC NPs with an average particle size of about 5–10 nm. The low-angle XRD pattern of the FeNP@MSHC NPs is shown in Figure 1d. As shown in Figure 1d, the FeNP@MSHC NPs exhibit a diffraction peak at 2θ = 2.4°, indicating the formation of mesopores. Further, the higher angle XRD pattern shows a broad peak at 2θ = 20–30°, suggesting the presence of silica matrix, and the diffraction peaks at 2θ = 29.6°, 35.2°, 43.4°, 47.2°, 57.3°, and 63.5° were indicated to [220], [311], [400], [422], [511] and [440] reflection planes which evidenced the presence of magnetic iron oxide crystals in the FeNP@MSHC NPs (Figure 1e) [37].



Figure 2a,b shows the nitrogen sorption isotherm and pore size distribution curves of the FeNP@MSHC NPs. As shown in Figure 2a, FeNP@MSHC NPs exhibit a type IV isotherm, representing the formation of mesoporous silica nanoparticles. The FeNP@MSHC NPs’ estimated surface area, pore size, and mesopore volume were estimated to be approximately 346 m2/g, 3.2 nm, and 0.048 cm2/g, respectively (Figure 2b) (Table 1). The surface charge of the FeNP@MSHC NPs was determined using the zeta potential measurement. As shown in Figure 2c, the FeNP@MSHC NPs had a little positive zeta potential value of around + 10.3 mV at pH 4 and a negative zeta potential value of about -36 mV at pH 10. The positive zeta potential was detected due to the protonation of amine groups present in the FeNP@MSHC NPs, confirming that the FeNP@MSHC NPs contain dopamine-silane functional groups (Figure 2c). Furthermore, the particle size of the FeNP@MSHC NPs was determined using the dynamic light scattering (DLS) technique. As indicated in Figure 2d, the average particle size of the FeNP@MSHC NPs was estimated to be between 100 and 400 nm.



The thermal stability of the prepared FeNP@MSHC NPs was determined by thermogravimetric (TG) analysis. Figure 3a shows a first weight loss of around 1.8 wt.% occurs at about 100 °C, suggesting physisorbed moisture evaporation. Furthermore, the second stage weight loss of around 17.5 wt.% occurs at 101–650 °C, implying the decomposition of the integrated dopamine-silane functional groups in the FeNP@MSHC NPs. Furthermore, the last weight loss occurs above 650 °C owing to inorganic matrix degradation. The TGA results revealed that a significant amount (17.5 wt.%) of organic functionalities were included in the FeNP@MSHC NPs. The magnetic properties of the FeNP@MSHC NPs were investigated using a superconducting quantum interference device (SQUID) and a vibrating sample magnetometer (VSM). As shown in Figure 3b, the magnetization curve of the FeNP@MSHC NPs revealed a magnetic saturation value of around 18.5 emu/g. Furthermore, the absence of significant hysteresis in the room temperature magnetization curve of the FeNP@MSHC NPs shows that the synthesized FeNP@MSHC NPs exhibit superparamagnetic behavior (Figure 3c) [38]. The magnetic behavior of the magnetic iron oxide particles present in the FeNP@MSHC NPs was further verified by dispersing about 10 mg of FeNP@MSHC NPs in PBS medium under ultrasonication and then kept near a bar magnet.



When the bar magnet was positioned near the glass vial, the sample attracted quickly to the external magnet bar (Figure 3d, inset). This study demonstrated that magnetic iron oxide nanoparticles were formed on the FeNP@MSHC NPs and could be directed by an external magnetic field, indicating that the FeNP@MSHC NPs are suitable for target drug delivery applications driven by an external magnetic field.




3.2. Drug Loading into the FeNP@MSHC NPs


The integrated dopamine functionalities present inside the FeNP@MSHC NPs’ mesopore channels serve as drug-binding sites for the loaded drugs. To assess the drug loading of the FeNP@MSHC NPs, the anticancer agent Dox was utilized. Dox molecules can bind with the dopamine functionalities’ amine and hydroxyl groups via hydrogen bonding or electrostatic interaction [39]. In general, the quantity of drug encapsulated into the drug delivery carrier system and released into specified areas is thought to be essential for increasing therapeutic efficacy while avoiding adverse effects on normal tissues. Therefore, the FeNP@MSHC NPs may be useful for regulated drug loading and release via an electrostatic repulsive force between the protonated drugs and drug carriers in response to intracellular pH conditions (Scheme 1, step 7).




3.3. Drug Release from the FeNP@MSHC/Dox NPs


Various stimuli such as (i) varied pH (pH 7.4 and 5.0); (ii) different temperatures such as room temperature (25 °C), physiological body temperature (37 °C), and magnetic hyperthermia temperature (42 °C); and the combined pH and temperature (pH 7.4/42 °C and pH 5.0/42 °C, were explored to access the in vitro drug release performance of the FeNP@MSHC/Dox NPs. Figure 4a depicts the Dox delivery performance of the FeNP@MSHC/Dox NPs at varied pH (pH 7.4 and 5.0) conditions.



The cumulative Dox release at pH 7.4 was approximately 23.5% in 24 h, as shown in Figure 4a. Dox release, on the other hand, was significantly increased to approximately ~73% under acidic pH (pH 5.0) conditions in a 24 h period (Figure 4a). The drug release results show that the majority of the drug was preserved inside the mesopores under a physiological pH environment. Because of the hydrogen bonding/electrostatic interaction between drug molecules and drug binding sites, such as hydroxyl and amine groups in the dopamine-silane functionalities present in the FeNP@MSHC/Dox NPs, drug release was significantly reduced. When the pH of the release media was decreased to pH 5.0, the drug-binding organic functional sites present in the FeNP@MSHC/Dox NPs were protonated, resulting in an electrostatic repulsive force between the protonated drug and the drug-binding functional groups (Figure 4a). As a result, the Dox-loaded FeNP@MSHC/Dox NPs demonstrated improved Dox release (~73%) at pH 5.0 (Scheme 1, step 7) (Table 2).



To evaluate the temperature-responsive behavior of the prepared FeNP@MSHC NPs, various temperature conditions such as room temperature (25 °C), physiological body temperature (37 °C), and magnetic hyperthermia temperature (42 °C), were studied. Figure 4b depicts the temperature-responsive Dox release performance of the FeNP@MSHC/Dox NPs at varied temperatures (25 °C, 37 °C, and 42 °C). As shown in Figure 4b, only a minimal quantity of Dox (~21.5%) was released in 24 h at 25 °C. The Dox release, on the other hand, was slightly raised to about 28.7% and ~34% at 37 °C and 42 °C, indicating that higher temperature stimuli can somewhat increase the Dox release from the FeNP@MSHC/Dox NPs. Furthermore, the Dox release was tested under combined pH and temperature conditions (pH 7.4/42 °C and 5.0/42 °C). As displayed in Figure 4c, at pH 7.4/42 °C, approximately ~30.5% of Dox release was determined. At pH 5.0/42 °C, the FeNP@MSHC/Dox NPs demonstrated an increased Dox release of approximately ~87%. Dox release was dramatically enhanced when compared to Dox release only under pH and temperature conditions (Figure 4c). The findings suggest that a combination of pH and temperature stimuli is important in releasing drugs from the FeNP@MSHC/Dox NPs’ mesopore channels. The protonation of drug binding sites is caused by pH stimuli. Furthermore, temperature stimuli are responsible for increasing drug solubility and drug diffusion out of the FeNP@MSHC/Dox NPs’ mesopore channels. As a consequence, the combined acidic pH and temperature (pH 5.0/42 °C) stimuli considerably enhanced Dox release compared to either acidic pH or temperature stimuli alone [40] (Table 2).




3.4. In Vitro Cytotoxicity Study


Using MDA-MB-231 cells, the MTT assay analysis was performed to evaluate the biocompatibility of the prepared FeNP@MSHC NPs and the Dox-loaded FeNP@MSHC/Dox NPs at different sample concentrations (50, 100, 150, 200, and 250 μg/mL). As seen in Figure 5A, at the tested doses, the FeNP@MSHC NPs without Dox loading demonstrated >~90% cell viability to MDA-MB-231 cells. This finding implies that the prepared FeNP@MSHC NPs are biocompatible. However, the Dox-loaded FeNP@MSHC/Dox NPs and free Dox exhibited concentration-dependent cytotoxicity, with more than ~90% of the cells being killed when treated with FeNP@MSHC/Dox NPs at a concentration of about ~250 μg/mL. Similarly, the same concentration of pure Dox caused ~78% cytotoxicity in MDA-MB-231 cells. The cytotoxicity increased as the FeNP@MSHC/Dox NPs concentrations increased (Figure 5B). As demonstrated in Figure 5B, the Dox-loaded FeNP@MSHC/Dox NPs had a greater killing effect (>~90%) than the same concentration of pure Dox. This might be due to the slow and prolonged release of Dox molecules from the FeNP@MSHC/Dox NPs’ mesopore channels, which results in higher cell-killing efficiency. The hydrogen bonding/electrostatic interaction between the Dox molecules and the drug binding amine and hydroxyl groups in the dopamine-silane functionality found in the FeNP@MSHC/Dox NPs controls the drug release behavior [41]. In general, free drug molecules enter cells by the passive diffusion process, whereas FeNP@MSHC/Dox NPs are internalized via the endocytosis mechanism, and therefore the loaded drugs are slowly released from the FeNP@MSHC/Dox NPs. The experimental investigation results show that Dox-loaded FeNP@MSHC/Dox NPs may significantly decrease cancer cell growth, and therefore the FeNP@MSHC NPs might be used as a magnetically directed drug delivery system for target cancer treatment.




3.5. In Vitro Cell-Uptake Experiments


MDA-MB-231 cells were used to evaluate the in vitro cellular uptake behavior of the prepared FeNP@MSHC/Dox NPs. Fluorescence microscopy was used to examine the cell uptake of the FeNP@MSHC/Dox NPs. To conduct this experiment, FeNP@MSHC/Dox NPs (10 μg/mL) were dispersed in PBS solution and exposed to MDA-MB-231 cells for 4 h. After 4 h of incubation, the cells were rinsed with PBS solution and examined under a fluorescence microscope. Figure 6a showed only control cells without sample treatment and shows no visible fluorescence signals, however, the FeNP@MSHC/Dox NPs treated cells produced a strong red signal (Figure 6b), indicating that the FeNP@MSHC/Dox NPs were internalized into the MDA-MB-231 cells. The cell uptake of the FeNP@MSHC/Dox NPs was observed at different time intervals, and the intensity of the red signal increased inside the cells with respect to time, which confirmed that the release of Dox inside the cells increased with time (Figure 6c). This experimental finding suggests that the FeNP@MSHC/Dox NPs might be applied for pH- and temperature-stimuli-responsive drug delivery in cancer therapy.





4. Conclusions


In conclusion, the magnetic iron oxide nanoparticle-modified mesoporous silica composite nanoparticles, FeNP@MSHC NPs, were synthesized using sol-gel co-condensation, metal–ligand complex coordination, and chemical reduction methods. Magnetic iron oxide nanoparticles were produced on the outer silica surfaces using this technique. The FeNP@MSHC NPs developed had a high surface area and large pore size and volume. The system demonstrated significant drug-loading capacity and pH- and temperature-responsive drug-release behavior due to the presence of integrated dopamine-silane functionalities in the FeNP@MSHC NPs. Furthermore, the MTT assay analysis findings show that the FeNP@MSHC NPs are biocompatible, and the in vitro cell-uptake study results show that the FeNP@MSHC NPs can be internalized into MDA-MB-231 cells. According to the findings, it is possible to conclude that the prepared FeNP@MSHC NPs might be used as a pH- and temperature-stimuli-responsive drug carrier to deliver anticancer drugs in cancer therapy applications.
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Scheme 1. Schematic representation for the synthesis of dopamine-silane precursor (step 1); synthesis of MSHC@CTAB NPs (step 2); surface grafting of DS precursor onto the outer surface of DS@MSHC@CTAB NPs NPs (step 3); Fe(III) complexation with DS precursor (step 4); formation of FeNP by chemical reduction (step 5); surfactant extraction and Dox loading into the FeNP@MSHC NPs (step 6); and pH- and temperature-stimuli-responsive drug delivery (step 7). 
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Figure 1. (a) 1H NMR spectrum of DS precursor; (b) FTIR spectrum; (c,d) TEM images and the yellow circles indicate the presence of magnetic iron oxide nanoparticles; (e,f) low and higher angle XRD spectra of the FeNP@MSHC NPs. 
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Figure 2. (a) N2 adsorption-desorption; (b) pore size distributions; (c) zeta potential measurement; and (d) particle size distributions of the FeNP@MSHC NPs. 
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Figure 3. (a) TGA curve; (b,c) magnetization curve of FeNP@MSHC NPs. (d) The photographic image shows the attraction of FeNP@MSHC NPs by external magnetic field. 
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Figure 4. In vitro Dox release from the FeNP@MSHC/Dox NPs at (a) different pH; (b) different temperature; (c) the combined pH and temperature. 
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Figure 5. (A) In vitro biocompatibility of (a) control MDA-MB-231 cells; (b) FeNP@MSHC NPs without Dox loading, at different concentrations. (B) In vitro cytotoxicity of (a) control MDA-MB-231 cells; (b) FeNP@MSHC/Dox NPs; and (c) pure Dox sample, at different sample concentrations. 
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Figure 6. Fluorescence microscopy images of MDA-MB-231 cells; (a) only control cells without exposing FeNP@MSHC/Dox NPs; (b) the cells exposed with the Dox loaded FeNP@MSHC/Dox NPs. The red signals indicate the released Dox inside the MDA-MB-231 cells. (c) Fluorescence intensity of the released Dox from the FeNP@MSHC/Dox NPs at different time intervals. Scale bar = 80 μm. 
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Table 1. Mesopore properties of FeNP@MSHC NPs.
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	Sample
	Surface

Area (m2/g)
	Pore

Size (nm)
	Pore

Volume

(cm3/g)
	Dox

Loading (%)





	FeNP@MSHC NPs
	364 ± 2.5
	3.2 ± 0.1
	0.048 ± 1.5
	~62 ± 1.5
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Table 2. PH and temperature-responsive drug delivery from the FeNP@MSHC/Dox NPs.
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	pH
	Release Efficiency (%)





	7.4
	23.5



	5.0
	52.4



	7.4/25 °C
	21.5



	7.4/42 °C
	34



	7.4/42 °C
	34



	5.0/42 °C
	87
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