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Magnetic hybrid nanomaterials offer promising properties for the advancement of nanoplatforms in cancer nanomedicine, particularly in drug delivery applications. These nanoplatforms can effectively respond to various stimuli present at the tumor site, such as pH and temperature fluctuations, allowing for controlled and triggered release of therapeutic payloads. In this study, we present a straightforward methodology for the synthesis of stable hybrid magnetic nanoplatforms (HMNP) based on Fe3O4 nanoparticles, L-cysteine (L-Cys), and hyaluronic acid (HA) as key constituents for the delivery of tamoxifen (TMX). The synthesized superparamagnetic HMNP, Fe3O4-L-Cys-HA, with a size of 11 nm, was successfully loaded with TMX. The incorporation of L-Cys showed superior interaction with the surface of Fe3O4 nanoparticles compared to other L-Cys derivatives explored as ligands. Consequently, L-Cys was selected for further functionalization with HA, providing the HMNP with active targeting properties toward CD44-overexpressed receptors. High loading efficiency of TMX (75%) was achieved via electrostatic interaction between the carboxylate groups exposed by the HMNP and the ammonium group of the TMX side chain. Efficient control in the TMX release towards different receptor media was observed. Notably, the release of TMX from HMNP-TMX was triggered under acidic pH and hyperthermia conditions, showcasing its responsiveness to both stimuli. Furthermore, enhanced anticancer activity of TMX against MDA-MB-231 breast cancer cells was observed when loaded into HMNP (IC50 almost 3-fold lower for HMNP-TMX compared to free TMX), indicating improved cell uptake of TMX-loaded HMNP in comparison to the free drug. Overall, pH/temperature dual-sensitive HMNP demonstrates promising potential as a nanoplatform for cancer nanomedicine, with prospects for magnetic hyperthermia therapy.
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1 INTRODUCTION
Cancer remains a significant global health challenge, with increasing patient numbers despite advancements in anticancer strategies. In recent decades, there has been considerable interest in the development of biocompatible Fe-based magnetic nanomaterials (MNP) for biomedical applications, driven by their potential in both imaging and therapy (Tong and Kohane, 2016). Some of these materials have even received U.S. Food and Drug Administration (FDA) approval for clinical use, underscoring their relevance in medical settings (Huang et al., 2022). Particularly, Fe-oxide nanoparticles like Fe3O4 and Fe2O3 MNP have been extensively studied for cancer diagnosis, hyperthermia therapy (Parveen et al., 2012; Han et al., 2016), and as nanocarriers for drug delivery (Wan et al., 2016), owing to their superparamagnetic properties, T2-contrasting abilities, ease of surface functionalization, biocompatibility (Maurcio et al., 2013), easy preparation, and low cost (Mody et al., 2014).
The surface functionalization of MNP is crucial for achieving effective interaction with biological tissues while preserving their magnetic properties and minimizing cellular toxicity. The toxicity of MNP and their ability to bind to and be absorbed by cells are primarily determined by their surface functionalization (Busnel et al., 2005; Choi et al., 2012), as well as their physicochemical properties such as size (Li and Sha, 2008), surface charge (Toole, 2004; Laurent et al., 2008), and magnetic properties (El-Boubbou, 2018). Furthermore, in some cases, bare MNP have shown higher cellular toxicity than functionalized MNP (R. M. Patil et al., 2018; U. S. Patil et al., 2015). As a result of their high surface energy, MNP tend to exhibit some aggregation, and can interact with plasma proteins. These interactions may lead to opsonization and immune system clearance through the mononuclear phagocytic system, inducing a significant loss of MNP functionality against target cells. To avoid these undesired effects, the surface of the MNP has been often modified with biocompatible polymers or small molecules. This modification aims to enhance their stability, biocompatibility, drug loading efficiency, and interaction capability with the target cells/tissues. Therefore, the combination of superparamagnetic Fe-oxide nanoparticles and biocompatible surface-modification ligands is essential for producing nontoxic and stable nanomaterials for biomedical applications.
Small molecules have been employed in the synthesis of hybrid magnetic nanomaterials for drug delivery applications in cancer nanomedicine. For example, the choline kinase α1 inhibitor Ff35 has been conjugated with biomimetic MNP (Jabalera et al., 2019) for drug delivery and hyperthermia applications. Oleic acid has been used to stabilize and confer hydrophobic properties on Fe3O4 nanoparticles for further loading with an amphiphilic silane along with the photosensitizer chlorin e6 and coumarin 6. This theragnostic nanoplatform was evaluated for dual-mode imaging guidance and magnetic targeting enhancement in photodynamic therapy (Sun et al., 2017). Among the small molecules used for functionalization of MNP, amino acids (AA) have emerged as suitable ligands (Vieira et al., 2011; Mauricio et al., 2013; Schwaminger et al., 2015; Bruno et al., 2018) due to their natural affinity for biological systems and their ability to enhance the colloidal stability of MNP. The AA are naturally occurring molecules with an affinity for various biological systems that play a vital role in the body. Additionally, AA can contribute to the colloidal stability of MNP (Qu et al., 2012), influencing the synthesis of Fe-oxides, as well as the morphology and the particle size distribution (Cohen et al., 2008). Importantly, AA also provide active groups for interaction with functional molecules and can be directly incorporated into MNP without the need for a spacer agent (Ebrahiminezhad et al., 2013). There are several reports on the synthesis of AA-coated MNP using L-arginine, L-lysine, L-glutamine, glycine, L-tryptophan, L-tyrosine, and L-phenylalanine (Patron et al., 2008; Park et al., 2009; Viota et al., 2010; Jin et al., 2014; Nosrati et al., 2018a). Recently, methotrexate (Nosrati et al., 2018b) and tamoxifen (TMX) (Rostami et al., 2021) have been conjugated to L-lysine coated MNP for the inhibition of MCF-7 breast cancer cells. In addition, L-tyrosine-decorated MNP have been used as magnetic nanocarriers for TMX (Nosrati et al., 2018c).
In particular, L-cysteine (L-Cys) AA can bond to the hydroxylated surface of Fe-oxide nanoparticles, modifying their electrostatic properties (Vieira et al., 2011). This functionalization has also been proven to be appropriate for obtaining stable colloidal dispersions. Additionally, L-Cys can act as membrane-permeable antioxidant and free radical scavenger, serving as a precursor for glutathione synthesis, and having the ability to reduce oxidized proteins (Britos et al., 2019). Previously, our research group reported on the effect of incorporating L-Cys as a surface ligand of MNP. The presence of this AA improved the physical properties of the developed magnetic nanoplatform, such as hydrophilic behavior, dispersibility in aqueous media, and colloidal stability (Cadena et al., 2021). Moreover, the thiol group of L-Cys has been reported to provide the possibility of forming S-S bonds to achieve the conjugation of biomolecules with magnetic nanocarriers. Since the S−S bond can be broken under reductive conditions, this property has been exploited to trigger the drug release in the presence of a reducing agent (Xia et al., 2019).
Macromolecules have also been used in the development of hybrid nanoplatforms. Natural and synthetic biopolymers have been explored in the fabrication of nanocarriers for antitumor drug delivery (Price et al., 2018; Bhattacharya et al., 2023; Fazal et al., 2023; Zhu et al., 2023). For example, poly(L-lactic acid) (Hu et al., 2006), agar (Khan et al., 2023) or mixtures of chitosan/agarose (Pourmadadi et al., 2023), among others, have been used to prepare magnetic nanocarriers for drug delivery. However, these designed nanocarriers lack targeting properties to achieve the sites of action.
Targeting tumor cells specifically is essential to improve the efficacy of cancer treatment and minimize systemic toxicity (Alipoor et al., 2022; Tian et al., 2022). Nanotechnology-based approaches offer promising strategies for overcoming the bottlenecks of undirected biodistribution, unwanted side effects, and high-dose administration (García and Uberman, 2018). Nanocarriers can achieve satisfactory tumor targeting by utilizing the enhanced permeability and retention (EPR) effect-mediated passive targeting strategy. Furthermore, active targeting can enhance the effectiveness of nanocarriers by conjugating them with ligands that can specifically target overexpressed receptors in tumor cells (García, 2020; Torres et al., 2020). The inclusion of active targeting ligands on the surface of nanoparticles improves their targeting toward tumor cells (on-targets) rather than healthy cells (off-targets). In this regard, folic acid has been used as an active targeting ligand. In general, this ligand has been conjugated with polymers, proteins, or small molecules for further functionalization of MNP. For example, Heidari Majd et. al. conjugated folic acid with polyethylene glycol in a synthetic pathway involving six steps, which allowed a hybrid magnetic nanocarrier loaded with TMX that showed significant growth inhibition of MCF-7 breast cancer cells (Majd et al., 2013). Uma Maheswari et. al. used bovine serum albumin to encapsulate folic acid, hesperidin, and eugenol with CaFe2O4 MNP (Uma Maheswari et al., 2021). Khalil et. al. developed a nanoplatform based on a bifunctional folic acid conjugated with aspartic acid-modified Fe3O4 (Khalil et al., 2022).
A simpler approach involves designing the hybrid nanoplatform using a multipurpose agent that serves as a stabilizer, drug-binding site, and also possesses targeting properties. Hyaluronic acid (HA) is a linear polysaccharide consisting of alternately repeated N-acetylglucosamine and glucuronic acid disaccharide, constituting a major part of the extracellular matrix and is synthesized by a wide variety of cells. This polymer has a strong affinity for cell-specific surface markers, such as the cluster determinant 44 (CD44) and the receptor for hyaluronate-mediated motility. These receptors, especially CD44, are overexpressed on the surface of several tumor cells.
Hence, the great selectivity of HA for CD44-overexpressing cancer cells has shown potential applications in targeted drug delivery therapies. Furthermore, HA exhibits superior physiochemical properties, such as a high water-binding capacity, non-toxicity, biodegradability, cytocompatibility, and non-immunogenicity (Kim et al., 2018). In addition, the carboxylate groups of HA can serve as binding sites for the incorporation of positively charged drugs. Therefore, HA has emerged as a promising candidate for targeted drug delivery systems.
Our research group already reported on the fabrication of hybrid magnetic nanoplatforms (HMNP) based on Fe3O4 nanoparticles, L-Cys and HA for controlled TMX release (Cadena et al., 2021). These HMNP exhibited high loading efficiency, hydrophilicity, magnetic responsiveness, hemocompatibility, and low cytotoxicity against normal breast cells (MCF-10A). TMX release from these platforms followed a sustained, diffusion-controlled mechanism, resulting in increased cytotoxicity against tumor cells (MCF-7) compared to free TMX.
Building upon our previous work, this study delves into the conjugation of L-Cys in the magnetic platform Fe3O4-L-Cys-HA and its impact on key physicochemical properties such as magnetic response, colloidal stability, and interaction with plasma proteins. We evaluated the interaction of Fe3O4 nanoparticles with L-Cys and its derivatives, including L-cystine (1), L-cystine methyl ester (2) and N-Boc-L-Cys methyl ester (3). The synthesis and characterization of Fe3O4 nanoparticles and their magnetic conjugates with AA derivatives and HA are detailed in the present study. Upon functionalization with HA, a HMNP was obtained and further loaded with TMX, selected as an anticancer drug model for breast cancer therapy. Our comprehensive characterization includes an analysis of TMX-loaded HMNP properties, fully characterizing the physicochemical properties of this magnetic nanoplatform, analyzing its pH and thermal responsiveness for TMX release, and evaluating the in vitro cytotoxicity against human breast carcinoma cell line MDA-MB-231. Overall, our findings demonstrate the potential of this stimuli-responsive nanoplatform for cancer nanomedicine, with implications for hyperthermia therapy.
2 MATERIALS AND METHODS
2.1 Materials
All chemicals were reagent-grade and were used as received from the manufacturer. Iron (III) chloride (FeCl3, Merck®), iron (II) chloride (FeCl2, Stream Chemicals), ammonium hydroxide (NH4OH), sodium hydroxide (NaOH), hydrochloric acid (HCl 37% w.w−1, sodium chloride (NaCl), L-Cys hydrochloride (Parafarm®), L-Cystine (Parafarm®), sodium salt of HA (NaHA, 97.4%) obtained from bacteria’s fermentation (Parafarm®, MW ∼ 1,500 kDa, intrinsic viscosity = 23.6 dL.g–1), 3-dimethylaminopropyl-N′-ethylcarbodiimida, (EDAC, Sigma-Aldrich®), hydroxybenzotriazole (HOBt, Sigma-Aldrich®), potassium bromide anhydrous (KBr, Sigma-Aldrich®), sodium carbonate (Na2CO3, Sigma-Aldrich®), sodium bicarbonate (NaHCO3, Sigma-Aldrich®), TMX citrate (Parafarm®) and D(+)-saccharose named as sucrose (Riedel-de Haën™). All solvents were distilled before use: methanol (Cicarelli®), absolute ethanol (Cicarelli®). Physiological solution (sodium chloride 0.9% w.v−1), sterile dimethylsulfoxide (DMSO, Sigma-Aldrich®). Phosphate buffer solution (PBS) at pH 7.4 (to simulate plasmatic conditions) and acetate buffer solution (ABS) at pH 5.1 (to simulate intracellular endocytic conditions) were prepared according to the United States Pharmacopeia specifications (U.S. Pharmacopoeial Convention, 2015) using analytical grade reagents. Sodium carbonate-bicarbonate buffer (SCBB) at pH 8.8 (37°C) was prepared by mixing 90 mL of 0.1 M Na2CO3 and 10 mL of 0.1 M Na2HCO3, using analytical grade reagents (Dawson et al., 1989). All experiments were carried out with distilled and purified water or with ultra-pure water freshly obtained from a Milli-Q© system, and were performed under N2 atmosphere, unless otherwise noted.
2.2 Cell culture
Human breast cancer cells (MDA-MB-231) were obtained from the American Type Culture Collection (ATCC) (Bethesda, MD, United States). Cells were seeded and maintained routinely in complete medium (CM) prepared with Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco®), 100 U.mL–1 penicillin (Gibco®) and 100 μg.mL–1 streptomycin (Gibco®). The cells were kept in a humidified 37°C incubator with 5% CO2 incubator until passage 2–4, and then cultured for up to 4 additional passages if necessary.
2.3 Human plasma
Human plasma was gently supplied by the blood derivatives’ pharmaceutical laboratory (Laboratory of Hemoderivatives, National University of Cordoba, UNC, Argentina). According to the information provided by the supplier, plasma samples were obtained by two different procedures. On the one hand, blood was taken from healthy volunteers who directly donated their blood to the Blood Bank, Institute of Hematology and Hemotherapy, National University of Cordoba (Blood Law N° 22,990, Decree-law No. 1,330/2,004 National Executive Power, government of Argentina), where blood samples were collected in K2EDTA-coated tubes (BD Vacutainer®) to prevent blood clotting. The tubes were centrifuged for 5 min at 4,000 rpm to pellet the cellular components and then the Blood Bank donated plasma samples to the Laboratory of Hemoderivatives (UNC), where the plasma was pooled and stored at −80°C. Hence, these plasma samples were obtained by centrifugation of human blood and named CHP. On the other hand, plasma samples were obtained by plasmapheresis either at the Blood Bank or at any other institution, which further donated the plasma to the Laboratory of Hemoderivatives (UNC). Apheresis refers to the process of separating cellular and soluble components of blood using a machine, which allows plasma to be obtained, from healthy volunteers, according to specific gravity and returned the cellular components back to the donor (Bianchi et al., 2021). These plasma samples obtained by apheresis were also pooled and stored at −80°C and named AHP. Immediately before the experiments, plasma samples were thawed and centrifuged at 12,000 × g at 4°C for 2 min to remove precipitated proteins that were pelleted, and supernatant plasmas were used for the experiments.
2.4 Step-by-step synthesis of Fe3O4 nanoparticles functionalized with L-cysteine and hyaluronic acid (Fe3O4-L-Cys-HA, named HMNP)
The synthesis of Fe3O4-L-Cys-HA was carried in sequential steps (Cadena et al., 2021). First, the magnetic core of magnetite (Fe3O4) nanoparticles was prepared. After that, modification with L-Cys was performed to obtain Fe3O4-L-Cys nanoparticles. Subsequently, these particles were functionalized with HA to synthetize the HMNP on the basis of the three components.
Synthesis of Fe3O4 nanoparticles: In a 100 mL three-neck round-bottom flask equipped with a mechanical stirrer and N2 inlet, 75 mL of 0.7 M NH4OH (molar ratio Fe:OH 3:22) were placed. Additionally, a mixed solution of ferrous and ferric ions (molar ratio 1:2) was prepared by dissolving 2.36 mmol FeCl2 in 6 mL of HCl solution (3 M) and 4.73 mmol FeCl3 in 3 mL of decarbonated ultra-pure water. The resulting solution of Fe2+/Fe3+ was then quickly added to the NH4OH solution under vigorous mechanical stirring (2,000 rpm), and the suspension was continuously stirred under N2 for about 30 min. The formation of Fe3O4 nanoparticles was immediately observed by the presence of a black precipitate. The magnetic precipitate was collected with the help of an external magnet of neodymium and washed four times with a 1:1 mixture of water and ethanol (150 mL).
Modification of Fe3O4 nanoparticles with L-Cys to produce Fe3O4-L-Cys nanoparticles: Once the Fe3O4 nanoparticles were obtained, they were dispersed in 75 mL of ethanol, and a 60 mM solution of L-Cys (in SCBB, pH 8.8 at 37°C, 75 mL) was immediately added. The mixture was stirred mechanically (2,000 rpm) and heated at 37°C for 3 h. The magnetic powder was collected with an external magnet and washed four times with a mixture of water:ethanol 1:1 (150 mL). The as-obtained Fe3O4-L-Cys nanoparticles were dispersed in 110 mL of ultra-pure water for further functionalization with HA (Cadena et al., 2021).
Functionalization of Fe3O4-L-Cys nanoparticles with HA to produce the HMNP: For surface functionalization with HA, the activation of carboxylic acid groups of HA was carried out (Cadena et al., 2021). Consequently, 164 mg of NaHA and 40 mL of ultra-pure water were placed in a Schlenk tube. The mixture was stirred (5,000 rpm) and heated in an oil bath at 50°C. When the polymer was completely dispersed, 0.20 mmol of EDAC and 0.20 mmol of HOBt were added, and the mixture was allowed to react for 15 min. Finally, the activated polymer was added to a three-neck round-bottom flask containing 110 mL of Fe3O4-L-Cys conjugated dispersion under vigorous mechanical stirring (2,000 rpm). This mixture was allowed to react for 4 h at room temperature. The magnetic powder was collected with an external magnet of neodymium and washed four times with a mixture of water:ethanol 1:1 (150 mL). The HMNP, Fe3O4-L-Cys-HA, was dispersed in water and dialyzed twice against a solution of NaCl 0.9% w.v−1 for 48 h. After that, the black powder was collected in a Petri dish glass and dried at room temperature under air. Following this procedure, 482.3 mg of Fe3O4-L-Cys-HA were obtained, representing an overall yield of 32% (Cadena et al., 2021).
2.5 Physicochemical characterization of HMNP and its precursors
Characterization by powder X ray diffraction (PXRD) was performed using a PANalytical X’Pert Pro diffractometer (40 kV, 40 mA) in Bragg–Brentano reflection geometry with Cu Kα radiation (λ = 1.5418 Å). Data were gathered between 10° and 70° (2θ) in steps of 0.02 and a counting time of 24 s. The refinement of the crystal structure was performed by the Rietveld method using the Fullprof software. Fourier transform infrared (FT-IR) spectra were collected on an infrared microscope (Nicolet iN10, Thermo Scientific®, United States). Samples contained in KBr discs were scanned from 4,000 to 400 cm–1 and recording conditions were: normal resolution, sample scan, 64 s–1. The spectra were recorded, processed and analyzed using the EZ Omnic ESP 8.3.103 software. The morphology of the nanoparticles was observed by transmission electron microscopy (TEM), conducted in a JEM-Jeol 1,120 operating at 80 kV, at the CIAP-IPAVE Research Institute, INTA, Córdoba, Argentina. The samples were prepared by dropping a dispersion of HMNP onto an ultrathin carbon-coated copper grid. TEM images were analyzed with J-Image software to calculate the particle size distribution. The average hydrodynamic diameter (dH) of Fe3O4 and Fe3O4-L-Cys nanoparticles, and their respective size distribution by determination of the polydispersity index (PDI) were measured by dynamic light scattering (DLS), and electrokinetic potential (ζ) values were determined by electrophoretic light scattering (ELS), using a Malvern Zetasizer® Nano-ZS 90 equipment, and the results were processed with Zetasizer software version 7.12. The average particle sizes and size distribution are reported as the average of three independent measurements. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed in a thermal analysis instrument (Discovery series, TA® Instruments) equipped with a data station (Trios® software, v5.a.a.46572, TA® Instruments). DSC was performed on samples (0.9–1.7 mg) heated in non-hermetic aluminum pans with a pine hole, using heating ramp of 10°C.min–1 from 15°C to 200°C, under N2 flux (50 mL.min−1). TGA was performed on samples (approximately 2 mg) placed in open aluminum pans and heated from room temperature to 800°C under the conditions used in DSC analysis. UV-Vis determinations were carried out using an Agilent Technologies® Cary 60 spectrophotometer.
2.6 Interaction of Fe3O4 nanoparticles and Fe3O4-L-Cys with plasma
To study the interaction of unfunctionalized magnetite and L-Cys-functionalized magnetite, a previously reported methodology was used (Landgraf et al., 2015), with some modifications. Briefly, 450 µg Fe3O4 and 1,135 µg Fe3O4-L-Cys, equivalent to 450 µg of Fe3O4 were placed in 15 mL Falcon tubes and dispersed with 9 mL of different media: water or plasma (CHP and AHP). Each tube-content was divided into 3 vials to generate 3 different batches with the same volume at each sample per medium. The samples were then incubated for 1 h at 4°C. After incubation, nanosystem-plasma mixtures were transferred to new Falcon tubes containing 1 mL of 0.7 M sucrose cushion and centrifuged at 18,000 × g for 25 min at room temperature. The pellets were resuspended in 3 mL of PBS (pH 7.4) for washing, sonicated for 2 min and decanted for another 2 min. The samples were analyzed by DLS. The dH and size distribution of Fe3O4 and Fe3O4-L-Cys nanoparticles were measured in PBS pH 7.4 at 25°C, using a Malvern Zetasizer® Nano-ZS 90 equipment, and the results were processed with the Zetasizer software version 7.12. All experiments were carried out in triplicate. The dH values were expressed as mean ± standard deviation (SD).
2.7 Incorporation of TMX into HMNP
TMX was incorporated into the HMNP previously synthesized. For that, a protocol previously reported was used (Cadena et al., 2021), with some modifications. Briefly, a solution of 122 µM of TMX solution was prepared by dissolving 6.88 mg of TMX citrate in 100 mL of ultra-pure water. The sample was heated to 37°C and sonicated for 30 min to promote drug dissolution. An aliquot of 45 mL of TMX solution was placed in a flask, followed by the addition of 45 mg of HMNP. The mixture was dispersed by sonication and placed in an orbital shaker incubator (Benchtop Shaker Incubator TOU-120-2). The samples were continuously stirred at 100 rpm for 72 h at room temperature.
The magnetic solid was then removed with an external magnet of neodymium, and the supernatant was separated and reserved for spectrophotometric analysis by UV-visible determinations at 235 nm (Agilent Technologies® Cary 60). The HMNP-TMX was dispersed again in ultra-pure water to remove any TMX molecules superficially attached to the HMNP, and shacked for 15 min. After an external magnetic field was applying, HMNP-TMX were collected, and the supernatant was separated and reserved for further UV-Vis quantification. This procedure was repeated twice. Finally, the HMNP-TMX were placed in Petri dish glass, dried at room temperature under air, and stored under cover from light.
2.8 Drug loading efficiency
To determine the amount of TMX loaded into the HMNP, spectrophotometric determinations were carried out at 235 nm (Agilent Technologies® Cary 60). The amount of unloaded drug recovered in the external aqueous phase was quantified once the magnetic solid of HMNP-TMX was removed with a magnet of neodymium (Cadena et al., 2021). Previously, a TMX calibration curve was performed with known concentrations of TMX solutions (ε = 16,010 M–1.cm–1). A R2 = 0.9943 was obtained, indicating a strong linear correlation between absorbance and TMX concentration. According to the amount of TMX initially incorporated to prepare the HMNP-TMX, the drug loading efficiency (DLE) was calculated (Eq. 1) as follows:
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where DLE (%) is the percentage of drug loading efficiency of TMX-loaded into HMNP, TMXi is the initial amount of TMX incorporated during the preparation of HMNP-TMX and TMXu is the amount of unloaded TMX determined by spectrophotometric analysis, using the calibration curve.
2.9 Interfacial properties in bio-relevant fluids
To study the interfacial properties of HMNP-TMX in bio-relevant fluids, measurements of dH, PDI, and ζ were carried out by DLS and ELS analyses, respectively. Three different media were evaluated considering the properties of HMNP-TMX in dispersions to anticipate its behavior for upcoming release and cell culture studies. Buffer solutions (ABS at pH 5.1 and PBS at pH 7.4) and CM without antibiotics were selected. An amount of 240 µg of HMNP-TMX (equivalent to 200 µg of Fe3O4) was weighed and placed in microtubes, containing 2 mL of incubation medium. Subsequently, the samples were sonicated for 30 min, followed by a 5 min decantation before measurements at room temperature. Upon observation of sings of sedimentation, samples were subjected to hand shake for 15 s when necessary (Sandler et al., 2019; Avasthi et al., 2023).
2.10 Radiofrequency calorimetric response
The calorimetric response of the samples under a radiofrequency (RF) field was recorded (Bruvera et al., 2022). To achieve this, the powders were suspended in distilled water at concentrations of around 5 g.L–1, with 15 min of ultrasound applied. Immediately after agitation, 500 μL of the suspension was placed in a Dewar flask inserted into the water-cooled coil of a Hüttinger 2.5 RF generator. The samples were subjected to a sinusoidal field of 300 kHz frequency and 57 kA.m–1 amplitude, while the temperature in the centre of the suspension was monitored using a Rugged TG-02 optical probe to obtain temperature (T) vs. time (t) curves. Three measurements were taken for each sample. Using the slopes obtained dT.dt–1, the specific absorption rate (SAR) was calculated for each sample under the applied RF field (Eq. 2):
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with c the specific heat of the suspension and [MNP] the concentration of MNP as a mass-to-mass ratio.
2.11 Drug release studies
Aqueous dispersions of HMNP-TMX were subjected to drug release analysis. The release rate from an aqueous solution with an equivalent concentration of TMX was used as a reference. The experiments were performed in a bicompartmental diffusion device. A semi-permeable acetate cellulose membrane (12 kDa, Sigma-Aldrich®, United States) was placed between the donor and the receptor compartments. The donor compartment was filled with 4 mL of each dispersion and kept in contact with 10 mL of PBS pH 7.4 or ABS pH 5.1 (U.S. Pharmacopoeial Convention, 2015), which were used as receptor media. Samples of 1 mL of receptor medium were withdrawn at predetermined time intervals and replaced with equal amount of fresh medium. The experiments were performed in the absence of any applied magnetic field at 37°C (physiological temperature) and 43°C (hyperthermia condition), simulating extracellular plasma and tumor microenvironment conditions, respectively. The concentration of drug released was assayed spectrophotometrically (Agilent Technologies® Cary 60) at 235 nm. All experiments were carried out in triplicate and the sink conditions were maintained. The cumulative percentage of TMX released was calculated and expressed as a function of time. The results were expressed as the % average of the drug released in three independent determinations ± SD.
The release profiles of TMX from the HMNP-TMX and reference sample were statistically compared using the difference factor (f1) and the similarity factor (f2) (Eqs 3, 4, respectively). According to this methodology, an f1 value greater than 15 and an f2 value of 0–49 implies a difference between release profiles (Costa and Sousa Lobo, 2001):
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where n is the number of sampling time points, ∑ is the sum of all time points and Rt and Tt are the cumulative percentages of the drug released at each of the n time points of the reference and test sample, respectively. The CV was less than 15% in all cases. Only one point after 85% of drug release was used for the equation.
2.12 Drug release kinetics by mathematical modelling
The mean release profiles were fitted according to common mathematical models as follows (Costa and Sousa Lobo, 2001):
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where Mt (%) is the percentage of drug released at time t, M0 is the initial value of Mt, t is the time, n is the diffusion release exponent, and kZ, kH and kP are the release coefficients corresponding to the kinetic models Zero order (Eq. 5), Higuchi (Eq. 6) and Korsmeyer-Peppas (Eq. 7), respectively.
2.13 In vitro cytotoxicity assay
The anticancer activity of TMX-loaded HMNP was studied against MDA-MB-231 breast cancer cells and compared with the cytotoxicity exhibited by free TMX. Cell viability was evaluated using the resazurin assay using alamarBlue®. This fluorometric/colorimetric method is based on the reduction of the blue compound resazurin (nonfluorescent) by viable cells to the pink-soluble product resorufin (fluorescent). As a growth indicator, the amount of resorufin produced is proportional to the number of viable cells due to mitochondrial respiration (Präbst et al., 2017). Briefly, exponentially growing cells were seeded in 96-well plates (5,000 cells/well) and allowed to grow in CM for 24 h until complete cell attachment. The growth medium was then discarded and replaced with alamarBlue®10% v.v −1 dissolved in fresh CM containing the following treatments: free TMX and HMNP-TMX in a drug concentration range of 6.25–200 µM. Before exposure of cells to the treatments, both samples, initially in solid state, were reconstituted in sterile DMSO and diluted in the cell culture medium. The final concentration of DMSO did not exceed 0.8%. Treated cells were incubated for 24 h and the fluorescence intensity was measured on a microplate reader (Biotek®, excitation/emission = 535 nm/590 nm), as recommended by the manufacturer. Cell viability was expressed as a percentage respect to the viability exhibited by untreated cells (control). The results were expressed as mean ± standard error of the mean (SEM). All data were obtained from two independent experiments.
Half-maximal inhibitory concentration (IC50) was calculated by the linear interpolation method using Eq. 8 (Caldwell and Yan, 2014).
[image: image]
where low% represents the highest percentage of cell growth inhibition less than 50%, high% represents the lowest percentage of cell growth inhibition greater than or equal to 50%, low [TMX] represents the concentration of TMX that gives the low%, and high [TMX] represents the concentration of TMX that gives the high%. Percentages of cell growth inhibition were determined as 100%—% cell viability.
2.14 Statistical analysis
Statistical analysis was performed by comparison of different experimental conditions according to the evaluation of mean values assessed by analysis of variance (one-way or two-way ANOVA) with the Bonferroni’s post hoc test using Graph Pad® software. A p-value < 0.05 or less was considered significant.
3 RESULTS
3.1 Synthesis and characterization of Fe3O4 nanoparticles and their magnetic conjugates with L-Cys and its derivates, and HA
To obtain a HMNP to be used as a nanocarrier for TMX in cancer nanomedicine, we chose the combination of magnetite (Fe3O4), L-Cys and HA, as magnetic core and organic ligands, AA and natural polymers, respectively. The synthetic pathway started with the preparation of the MNP core using the co-precipitation method by reacting a mixture of FeCl2 and FeCl3 with a large excess of NH4OH (Step 1, Figure 1), achieving bare MNP with a mean diameter of (7 ± 2) nm. TEM analysis revealed spherical MNP with a significant degree of aggregation (Supplementary Figures S1A, S1B), which was also observed in the DLS analysis of an aqueous dispersion of MNP (dH = (235 ± 22) nm, PDI = 0.37). The PXRD pattern exhibited the characteristic diffractogram of Fe3O4 phase with a face-centered cubic (fcc) structure at around 30.5°, 35.9°, 43.5°, 53.0°, 57.5°, and 63.1° (2ϴ), corresponding to the (220), (311), (400), (422), (511), and (440) reflections, respectively (Supplementary Figures S1C) (Blanton and Gates-Rector, 2019). The saturation magnetization (Ms) measured by VMS analysis was of 62 emu.g–1 (Supplementary Figures S1D).
[image: Figure 1]FIGURE 1 | Schematic representation of the synthetic methodology used to obtain the hybrid magnetic nanoplatform (HMNP) based on magnetite (Fe3O4), L-cysteine (L-Cys), and hyaluronic acid (HA).
Once the Fe3O4 core was obtained, in a second step, L-Cys or its derivatives (L-Cys-D: 1, 2 or 3) were incorporated onto the surface of MNP (Step 2, Figure 1). Therefore, L-cystine (1) and the synthesized derivatives L-cystine methyl ester (2) and N-Boc-L-Cys methyl ester (3) were explored as surface ligands for Fe3O4 nanoparticles (Table 1).
TABLE 1 | Characterization of Fe3O4 nanoparticles functionalized by L-Cys and its derivates.
[image: Table 1]Surface functionalization followed the methodology previously reported for L-Cys (Cadena et al., 2021), which involved incorporating a solution of L-Cys derivates (L-Cys-D) in SCBB (pH 8.8) into an ethanol dispersion of Fe3O4 nanoparticles. The surface modification of the MNP was examined by PXRD, FT-IR, TGA, and ζ measurements (Table 1).
The size and morphology of all functionalized MNP were analyzed using TEM micrographs (Supplementary Figure S3). In all samples, the MNP presented an almost spherical shape with a mean diameter ranging from 8 nm to 11 nm (Table 1), comparable to the size of the bare Fe3O4 MNP (Supplementary Figure S1). The amount of L-Cys-D incorporated onto the platforms was measured by TGA analysis (Figure 2A). L-Cys and L-cystine (1) demonstrated a strong interaction with Fe3O4, incorporating 60% and 67% of the organic ligand, respectively (Table 1). On the contrary, derivatives 2 and 3 incorporate only 10% and 9% of organic ligand onto MNP, respectively (Table 1).
[image: Figure 2]FIGURE 2 | Characterization of Fe3O4 nanoparticles conjugated with L-cysteine (L-Cys) and its derivatives 1, 2 and 3: (A) TGA analysis; (B) PXRD diffractograms; (C) FT-IR spectra; and (D) a comparison between Fe3O4-1 and its precursors (Fe3O4 MNP and L-cystine (1) between 1,800 and 1,000 cm-1.
The PXRD pattern of the functionalized MNP exhibited the characteristic peaks of the Fe3O4 phase (Figure 2B) (Vieira et al., 2011; Schwaminger et al., 2015). An additional phase was observed in the PXRD pattern for Fe3O4-L-Cys and Fe3O4-1 (Figure 2B), which was well-matched with L-Cys peaks (2ϴ = 18.80° and 28.50° peak), in full agreement with previous reports on this type of conjugated materials (Gawande et al., 2012).
Regarding FT-IR analysis (Figures 2C, D), the spectra of all MNP showed the typical low frequency bands of the spinel Fe3O4 at almost 600 cm-1 (Table 1; Figure 2C). For MNP modified with L-Cys or L-cystine (1), FT-IR spectra exhibited strong bands between 2,000 and 500 cm-1, characteristic of organic ligands (Cadena et al., 2021). Both materials, Fe3O4-L-Cys and Fe3O4-1, showed an important broadening of the carboxylic group stretch vibration, as well as a shift in the wavenumber from 1,749 cm-1 to 1,652 cm-1; together with a shift in the NH3+ group deformation band (1,503 cm-1 to 1,478 cm-1) (Figure 2D) (Vieira et al., 2011; Schwaminger et al., 2015). Furthermore, a band at 2,590 cm-1 in Fe3O4-L-Cys could be associated with the presence of SH groups (Sangeetha and John, 2013). In contrast, MNP modified with ligands 2 and 3 exhibited simpler FT-IR spectra in which C=O stretching (∼1,630 cm-1) of AA derivatives can be identified (Table 1; Figure 2C). After functionalization, the ζ values were measured at pH 8.8 for bare MNP and Fe3O4-L-Cys MNP, achieving values of ζ = 26.1 mV and ζ = −22.9 mV, respectively (Cadena et al., 2021). The determination of ζ in buffer PBS (pH 7.4) showed that all MNP exhibited a negative value of ζ < −11 mV (Table 1).
Given the efficient surface modification of MNP by L-Cys through the carboxylic acid group, as demonstrated by the results presented above, and considering that the other functional groups available in its derivates play a minor role in stabilizing the magnetite nanoparticles, L-Cys was selected as a ligand for further studies.
Taking into account the proposed biomedical applications for the nanoplatform and possible intravenous administration, the interactions of Fe3O4-L-Cys with human plasma proteins were studied and compared with the behavior shown by unfunctionalized Fe3O4 nanoparticles. The analysis was performed by DLS to measure dH values after incubating Fe3O4 and Fe3O4-L-Cys in water, AHP, and CHP. The results are presented in Figure 3.
[image: Figure 3]FIGURE 3 | Average hydrodynamic diameter (dH) of Fe3O4 nanoparticles and Fe3O4-L-Cys nanosystem after incubation in bio-relevant media: water, human plasma obtained by centrifugation of whole blood (CHP) and plasmapheresis (AHP). Asterisks represent a significant difference between the indicated groups (p < 0.05).
The results of the DLS analyses indicated that both Fe3O4 and Fe3O4-L-Cys exhibited important modifications in their dH when incubated in different media. An increased aggregation of nanoparticles in water was observed, as shown by the high dH values of Fe3O4 nanoparticles and Fe3O4-L-Cys after incubation in this medium (1,509 nm and 1,429 nm, respectively). The centrifugation process through a sucrose cushion applied to nanosystem-plasma mixtures allowed for the isolation of protein-nanoparticle complexes. Interestingly, the presence of a protein corona after incubation of samples in human plasma stabilized both Fe3O4 and Fe3O4-L-Cys nanoparticles, preventing aggregation of nanoparticles. This stabilization was indicated by significant reduced dH values when incubated in AHP (170 nm and 390 nm for Fe3O4 and Fe3O4-L-Cys, respectively). These sizes were even lower than those obtained after incubation in CHP (283 nm and 849 nm, respectively). When comparing the results obtained for Fe3O4 and Fe3O4-L-Cys in plasma, a tendency of higher dH values was observed for Fe3O4-L-Cys compared to Fe3O4 nanoparticles. However, incubation in high quality human plasma (AHP) improved stabilization of both samples and non-significant differences in their dH values were observed (Figure 3).
3.2 Synthesis and physicochemical characterization of HMNP loaded with TMX
After synthesis and characterization of the magnetic core functionalized with the selected AA, the HMNP was prepared for TMX delivery by integrating HA into the Fe3O4-L-Cys nanoparticles, resulting in the Fe3O4-L-Cys-HA nanoplatform (Figure 1). The incorporation of HA was achieved using carbodiimide chemistry, employing an aqueous mixture of EDAC and HOBt reagents, as detailed in a previous work (Cadena et al., 2021). As was reported in this work, characterization studies confirmed the effective incorporation of HA into the nanomaterial.
The as-obtained HMNP was then loaded with TMX. Since HMNP exhibited negative ζ value at neutral pH (Cadena et al., 2021), positive charged TMX (pKa = 8.9) established an electrostatic interaction with ionizable groups of HMNP. High % DLE was reached, achieving (75 ± 13) % of the drug loaded into the HMNP.
The TMX-loaded HMNP was further characterized by various spectroscopic techniques, together with a physical mixture (PM) of TMX and the HMNP Fe3O4-L-Cys-HA, which was prepared by simple mixing of powders of both components in the same proportion as present in the HMNP-TMX, for comparative purposes (Figure 4). The PXRD analysis revealed a new phase in the HMNP-TMX, indicated by a characteristic peak at 11.6°, similar to that observed for free TMX (Figure 4A). Additionally, the subsequent peaks at angles of 30.5°, 35.9°, 43.5°, 54.0°, 57.5°, and 63.1° correspond to the magnetic core present in the nanoplatform.
[image: Figure 4]FIGURE 4 | Caracterization of HMNP-TMX in comparison with its precursors and the physical mixture (PM) of TMX + nanoplatform by: (A) PXRD diffractograms; (B) TGA analysis, (C) DSC analysis, (D) FT-IR spectra, and (E) TEM images for HMNP-TMX. TMX: tamoxifen; Fe3O4: magnetite nanoparticles; HMNP: hybrid magnetic nanoplatform based on Fe3O4, L-cysteine and hyaluronic acid; HMNP -TMX: TMX-loaded into HMNP.
The TGA analysis performed for HMNP-TMX was compared with free TMX, unloaded HMNP, and the PM (Figure 4B). The TGA curve for free TMX exhibited two stages of thermal decomposition, the first at a temperature of 143°C and the second at 190°C. In the HMNP, a single degradation process was observed, starting at a temperature close to 153°C, which includes the decompositions of AH, L-Cys, and TMX. In comparison, the PM showed a lower thermal stabilization, and the TGA curve exhibited two stages of thermal decomposition, the first at a temperature of 146°C and the second at 180°C. Finally, the total organic component of the HMNP-TMX was of 9%. In the PM, higher amounts of organic components (15%) were observed.
The DSC analysis of TMX revealed a sharp peak at 151°C, corresponding to the drug fusion process (Figure 4C). Interestingly, in the HMNP-TMX, this peak was absent, in contrast to PM, in which a smaller peak, compared to the free drug, was observed at 143°C.
The morphology and size of the HMNP-TMX system were analyzed by TEM. The images showed that the particles in the HMNP-TMX were nearly spherical with a main diameter of (10 ± 3) nm. It was observed that this system exhibited a lower degree of aggregation compared to the nanoplatform without TMX (Figure 4E). The FT-IR analysis showed the characteristic bands of the nanoplatform (Figure 4D).
To assess the dispersibility and colloidal stability of a dispersion of HMNP-TMX, DLS analyses were performed in bio-relevant fluids. Selected media were CM without antibiotics, PBS at pH 7.4 and ABS at pH 5.1 (Table 2). These media were chosen to simulate the conditions under which the samples were subjected in antitumor efficacy experiments when dispersed in cell culture medium and considering the media used for in vitro TMX release studies. It was observed that HMNP-TMX dispersed adequately in all media; however, signs of sedimentation were observed over time, indicating potential particle aggregation. Of note, they were easily re-dispersed with a brief 15 s hand-shaking. Therefore, DLS analyses were performed with fresh samples and measurements were performed immediately after preparation of the dispersions. As shown in Table 2, the dH values of the HMNP-TMX-containing dispersions were considerably affected by the pH of the dispersion medium, being noticeably more aggregated in ABS at pH 5.1, as the dH value (839 nm) was significantly higher than that obtained in PBS at pH 7.4 and CM (254 nm and 236 nm, respectively). A narrower size distribution was observed for samples dispersed in ABS and PBS (PDI < 0.34) compared to the CM used as dispersant (PDI ∼0.5). All samples exhibited negative ζ, and lower values were obtained in buffer solutions (−15 mV and −18 mV for ABS and PBS, respectively) compared to that obtained in CM (−7 mV).
TABLE 2 | Interfacial properties of freshly prepared dispersions of HMNP-TMX in different bio-relevant media.
[image: Table 2]Considering hyperthermia applications, the behavior of different magnetite-containing samples under an RF field was evaluated. Figure 5A shows a typical temperature vs. time curve for the calorimetric experiments, along with a lineal fitting of the data within the interval where the RF field was applied. Figure 5B displays the SAR values for all the evaluated samples, expressed as the dissipated power per unit mass of dry powder. All the results cluster around 4 W.g–1.
[image: Figure 5]FIGURE 5 | (A) Typical temperature vs. time curve for calorimetric experiments together with a lineal fitting of the data within the interval where the radiofrequency (RF) field is applied, in order to obtain the slope dT.dt−1. (B) specific absorption rate (SAR) values for all samples expressed as dissipated power per unit mass of dry powder. TMX: tamoxifen; Fe3O4: magnetite nanoparticles; HMNP: hybrid magnetic nanoplatform based on Fe3O4, L-cysteine and hyaluronic acid; HMNP -TMX: TMX-loaded into HMNP.
3.3 Release studies of TMX from HMNP-TMX
In vitro release profiles of TMX from HMNP-TMX toward PBS pH 7.4 and ABS pH 5.1, simulating physiological and lysosomal conditions, respectively, at 37°C and 43°C (physiological and hyperthermia temperatures, respectively), as receptor media were analyzed. Figure 6 shows cumulative percentages of TMX release as a function of the time. The release profiles of a reference sample of free TMX are also depicted.
[image: Figure 6]FIGURE 6 | Release profiles of TMX from HMNP-TMX at 37°C and 43°C toward (A) phosphate buffer solution (PBS) at pH 7.4 and (B) acetate buffer solution (ABS) at pH 5, as release media. The release profiles of free TMX used as reference are also displayed. (C) Schematic depiction of the TMX-loaded HMNP and its dual responsiveness to both pH and temperature changes for triggering delivery of TMX. An equation is also presented to describe the pH-response behavior of HMNP-TMX for triggering release of TMX under acidic conditions. TMX is remarkably displaced in presence of hydronium ion. TMX: tamoxifen; Fe3O4: magnetite nanoparticles; L-Cys: L-cysteine; HA: hyaluronic acid; HMNP-TMX: TMX-loaded hybrid magnetic nanoplatform based on Fe3O4, L-Cys and HA.
The TMX was released in a controlled manner from HMNP-TMX towards both media (acidic- and neutral-pH environment) at the two temperatures evaluated (physiological and hyperthermia values); while the release of the TMX reference sample was faster, exhibiting similar profiles when comparing the different temperature at the same physiological pH (f2 = 55.3). Noticeable burst effects were observed for free TMX, enabling approximately 20% of the drug to reach the receptor medium in the first 5 min toward both media at both temperatures. On the contrary, negligible burst effects were observed for the release of HMNP-TMX toward both media at 37°C, reaching approximately 5% of the TMX released in the first 5 min. When the medium was at higher temperature (43°C), burst effects were greater than those observed at physiological temperature, and approximately 15% of the drug was released in the first 5 min.
A lower leakage of the TMX release from HMNP-TMX toward physiological pH and temperature (Figure 6A) was achieved compared to the TMX release in an acidic environment (Figure 6B), which increased even at higher temperature. As observed, at any time toward PBS, and up to 400 min toward ABS, HMNP-TMX released the largest percentages of TMX at pH 5.1 compared to pH 7.4, reaching approximately 99% and 66% at 37°C, respectively (28.6 and 45.9 for f1 and f2 values, respectively), and the drug release increased even more at 43°C compared to 37°C (120.4 and 29.7 for f1 and f2 values at pH 7.4, respectively, and 119.3 and 28.4 for f1 and f2 values at pH 5.1, respectively), reaching almost 100% and 96% of drug release, respectively. The results suggest that HMNP-TMX actively participated in modulating drug release, with lower percentages of TMX released toward PBS pH 7.4 compared to the percentages of drug released toward ABS pH 5.1. This triggered effect produced at acidic pH and hyperthermia temperature indicated the stimuli-responsive behavior of HMNP-TMX.
Kinetic analyses of in vitro release data using Zero order, Higuchi and Korsmeyer-Peppas equations by mathematical modelling were performed to study the main mechanism of TMX transport through the magnetite-based HMNP.
The results of the kinetic data are summarized in Table 3. At physiological conditions, release data plotted as Higuchi and Korsmeyer-Peppas models were found to be fairly linear for both samples, free TMX and HMNP-TMX, which was also supported by their regression coefficient values (R2 > 0.986 and R2 > 0.988, respectively). Furthermore, n values in the range of 0.5–0.7 confirmed that the kinetics of TMX release from HMNP-TMX indicated a Fickian transport with a preponderant release mechanism controlled by drug diffusion. These results were in good correlation with the R2 values obtained by applying the Higuchi model. Notably, in the case of HMNP-TMX, n values ≥ 0.5 suggested that even the main mechanism of drug release is diffusion-controlled, other mechanisms such as ionic exchange and the relaxation of polymer chains, etc. could also occur. At pH 5.1, kinetic release data were remarkably influenced by the temperature of the release medium. At 43°C, both release profiles were fitted to the Korsmeyer-Peppas model (R2 = 0.987 and R2 = 0.983 for TMX and HMNP-TMX, respectively) with a value of n close to 0.5, indicating a Fickian transport. In contrast, at 37°C, the release profiles were well fitted to Zero order (R2 > 0.995), indicating an almost constant release rate.
TABLE 3 | Kinetic data obtained from TMX release studies toward phosphate buffer solution (PBS) pH 7.4 and acetate buffer solution (ABS) pH 5.1 at two different temperatures, 37°C and 43°C, using Zero order, Higuchi and Korsmeyer-Peppas equations.
[image: Table 3]3.4 In vitro cytotoxicity evaluation
The resazurin assay was used to evaluate whether TMX-loaded into HMNP could preserve its antitumor activity against triple negative human breast cancer cells. Because TMX is commonly used as a first-line treatment for breast cancer and considering it has reduced activity against cells that lack of estrogen receptors, the human breast carcinoma cell line MDA-MB-231 was selected as a challenging in vitro model for studying the cytotoxicity of HMNP-TMX and free TMX as reference sample. To study the antitumor activity of the developed nanoplatforms, cells were exposed to treatments for 24 h. Figure 7 shows the results of the resazurin assay. As observed, the cytotoxic activity of the drug from both samples was concentration-dependent in the range 25–200 µM. At concentrations ≤ 25 μM cell viabilities were similar to the control (untreated cells). Interestingly, HMNP-TMX exhibited significantly higher anticancer effects than TMX at the same concentrations (p < 0.05) as demonstrated by their mean IC50 values (157 μM and 58 µM for free TMX and HMNP-TMX, respectively).
[image: Figure 7]FIGURE 7 | Cytotoxicity of free tamoxifen (TMX) and TMX-loaded HMNP (HMNP-TMX), at different concentrations, against MDA-MB-231 breast cancer cells. Cells were exposed to the treatments for 24 h. Cell viability was measured with the resazurin assay. Asterisks represent a significant difference between the indicated groups (p < 0.05).
4 DISCUSSION
Overcoming limitations of current anticancer treatments has prompted the urgent need to find and develop novel strategies to address unmet clinical needs. Cancer nanomedicine presents a promising approach to overcome these shortcomings, as various tailor-made drug delivery nanosystems have been identified as promising nanocarriers. Nano-scale systems offer several advantages compared to their macro counterparts, including enhanced drug delivery to tumor tissue and, consequently, minimizing the side effects on the rest of the organism (García 2023; García et al., 2018). While several nanotechnologies-based systems for the delivery of TMX have already been reported to enhance the therapeutic performance of the drug for cancer therapy (Day et al., 2020; Chao et al., 2021), there are several challenges ahead in improving breast cancer treatment, particularly when patients are affected by triple-negative breast cancer cells, known for their more aggressive clinical course compared to other breast cancer subtypes (Mahmoud et al., 2022). Therefore, novel nanoformulations are needed to overcome these limitations, among which are nanosystems designed to release their payload only when exposed to a specific trigger stimulus at the tumor site, thus, preventing or minimizing drug release in the bloodstream and normal tissues to achieve optimal anticancer effects (García, 2022).
Here we present the design, development and evaluation of a hybrid nanoplatform exhibiting magnetic behavior, denoted as HMNP, comprised of Fe3O4, L-Cys and HA, featuring pH/temperature dual responsiveness to trigger the delivery of anticancer drugs such as TMX. HMNP was synthesized using a straightforward three-step methodology. The nanoplatform was engineered as a nanocarrier for cationic drugs such as, the selected anticancer drug, TMX, owing to its ability to interact with the carboxylic acid groups introduced by L-Cys and HA to the HMNP. Additionally, the presence of HA could facilitate targeted delivery of the nanoplatform to cancer cells.
The co-precipitation technique was employed to obtain the MNP using inexpensive and commercial reagents such as NH4OH and inorganic salts of Fe2+ and Fe3+ (Laurent et al., 2008). This method has been widely used, and many clinically approved MNP have been prepared using this approach (El-Boubbou, 2018). Small nanoparticles composed of Fe3O4 were obtained, displaying the typical superparamagnetic behavior of Fe3O4-based MNP, with high value of Ms (Venosta et al., 2017).
As previously demonstrated, the incorporation of L-Cys into the nanoplatform improves certain properties such as aqueous dispersibility and colloidal stability (Cadena et al., 2021). Therefore, it was of interest to study the interaction between MNP with L-Cys and its derivatives (L-Cys-D) to fully understand the nature of the interactions between the Fe3O4 core and the functional groups present in AA derivatives. In the derivatives under study (Table 1), a progressive restriction of functional groups was performed to control the functionalities that could interact with the surface of Fe3O4 nanoparticles: L-cystine (1) presented thiol group protection by an S-S bond, leaving exposed the carboxylic acid and ammonium groups; L-cystine methyl ester (2) had only the ammonium group available; and N-Boc-L-Cys methyl ester (3) had only the thiol group available to interact with Fe3O4 nanoparticles. The characterization of the obtained Fe3O4-L-Cys-D samples revealed significant differences in the capacity of L-Cys derivatives as ligands. Firstly, it is important to note that the functionalization process did not alter the nature of the magnetic core, as the Fe3O4 phase was observed by PXRD in all Fe3O4-L-Cys-D samples.
The incorporation of L-Cys derivatives onto the surface of MNP strongly depended on the functional groups available in the organic ligands. Therefore, we were able to classify the organic ligands into two different groups. Ligands with available carboxylic acid groups, such as L-Cys and L-cystine (1), showed a strong interaction with Fe3O4 nanoparticles. This interaction was evidenced in the TGA analyses, revealing a significant incorporation of the organic modifier in the final magnetic material [60% for L-Cys and 67% for L-cystine (1)], as shown in Table 1 and Figure 2A. Similar behavior was observed by Schwaminger et. al. for L-Cys (Schwaminger et al., 2015), and by Pušnik and cols. for L-aspartic acid and L-lysine (Pušnik et al., 2016), in which a large amount of AA was adsorbed onto the surface of MNP. However, in other Fe3O4-AA nanocarriers developed for TMX delivery, a lower coating of AA was achieved. A nanoplatform based on Fe3O4 superficially modified with L-tyrosine exhibited a weight loss of 7.5%, corresponding to the AA content (Nosrati et al., 2018a). Rostami et. al. determined the presence of 5.2% AA in a L-lysine-Fe3O4 nanocarrier (Rostami et al., 2021).
From PXRD (Figure 2B) and FT-IR (Figures 2C,D) analyses, the strong interaction of Fe3O4 with L-Cys and ligand 1 was confirmed. The PXRD pattern for Fe3O4-L-cystine (1) and Fe3O4-L-Cys exhibited the Fe3O4 phase along with ligand peaks in the diffractograms (Figure 2B). Comparative analysis of the FT-IR spectra of ligand 1 alone or bonded to Fe3O4 showed differences that could be attributed to the interaction between Fe3O4 nanoparticles and 1. A notable broadening of carboxylic stretch vibrations was observed, as well as a shift in the wavenumber for the stretching of C=O bond from 1,739 cm-1 to 1,635 cm-1 in the Fe3O4-1 nanosystem. Conversely, the band corresponding to NH3+ deformation showed a slight shift from 1,524 cm-1 to 1,478 cm-1. Finally, the spectrum of Fe3O4-1 nanosystem showed the typical low frequency band of the spinel Fe3O4 at near to 590 cm-1, corresponding to Fe–O deformation in octahedral and tetrahedral sites (Silva et al., 2013). Similar results were observed for Fe3O4-L-Cys nanosystem (Cadena et al., 2021).
Different behavior was observed for derivatives 2 and 3, in which carboxylic acid groups were blocked by ester bond formation. In these cases, minor functionalization of Fe3O4 nanoparticles was observed. For example, in TGA analyses, less than 10% of the organic content was detected (Table 1; Figure 2A). In PXRD analyses, only the characteristic peaks of the Fe3O4 phase were observed (Figure 2B), and the FT-IR spectra obtained for these samples were simpler and similar to Fe3O4 spectrum.
In general, the AA can interact with Fe-oxide MNP through various mechanisms: i) electrostatic interaction between zwitterionic molecules and amphoteric hydroxyl groups on metal oxides; ii) formation of covalent anhydrides between the carboxyl groups of AA and the OH surface groups of the MNP, and iii) specifically for L-Cys, an interaction is proposed through the thiol group and Fe-oxide surfaces, or the formation of L-Cys dimmer (L-cystine) which is capable of interacting through two carboxylic groups with the Fe-oxide surface (Cohen et al., 2008; Vieira et al., 2011; Schwaminger et al., 2015). At a pH value of 8.8, the acid-base equilibrium of L-Cys shifted towards the monoanionic form, where the amine functional group was protonated, and both carboxylic acid and thiol groups were deprotonated (Schwaminger et al., 2015). Furthermore, at this pH value, Fe3O4 nanoparticles exhibited a positive ζ of 26.1 mV (Jiang et al., 2012; Cadena et al., 2021). Thus, working at this pH conditions facilitated the electrostatic interaction between the MNP and the L-Cys through carboxylic acid groups.
Therefore, all characterization data suggest that COO− groups in L-Cys and L-cystine (1) played an important role in coordinating the organic molecule over Fe-O surface, demonstrating that COO− groups were prone to bind with Fe3O4 nanoparticles, possibly through the formation of covalent anhydrides (Baccile et al., 2013; Schwaminger et al., 2015). The negligible functionalization of Fe3O4 nanoparticles by ligands 2 and 3; associated with COO− group blockage by ester bond formation, pointed out the weak interaction between ammonium or thiolate groups and the surface of Fe3O4 nanoparticles. Thus, both L-Cys and L-cystine (1) were considered suitable candidates to be used as MNP modifying ligands. These results also demonstrated that the amino and thiol groups on L-Cys remained available for further chemical modifications of the nanoplatform.
Bearing in mind a possible intravenous administration of developed nanoplatform, an interfacial property of Fe3O4 and Fe3O4-L-Cys when dispersed in human plasma was studied to analyze their interaction with plasma proteins. After measuring the dH by DLS (Figure 3), it was observed that nanoparticles-plasma complexes allowed stabilizing Fe3O4 and Fe3O4-L-Cys nanosystems upon interaction with plasma proteins, exhibiting smaller dH compared to than that showed when dispersed in water. This could be explained because nanoparticles bind proteins, establishing a protein corona that constitutes a ‘bio/nano interface’ which prevent nanoparticle aggregation. A similar behavior has been also reported for Au@Fe3O4 Janus particles for which protein coronas were generated rapidly and these particles significantly reduced surface binding of coagulation proteins (Landgraf et al., 2015). As it has been previously reported (Tenzer et al., 2013), formation of plasma protein corona influences nanoparticle pathophysiology; therefore, this study was relevant since this ‘bio/nano interface’ affects the biological identity of the nanosystems in the bloodstream by determining their biocompatibility and transport.
Even some Fe3O4-AA conjugates have been used as nanocarriers in the treatment of cancer (Nosrati et al., 2018b; Nosrati et al., 2018c; Rostami et al., 2021), these functionalizations of MNP did not provide cancer-targeting properties. Therefore, to provide the final drug delivery nanoplatform targeting to cancer cells, HA was incorporated into the surface of Fe3O4-L-Cys nanoparticles (Figure 1). HA not only offered targeting properties, but also provided negative charge and served as drug-binding site.
The characterization of the resulting HMNP confirmed the successful integration of HA into the magnetic nanoplatform, resulting in the desired nanocarrier system. Subsequently, TMX was loaded into the HMNP. The percentage of DLE was determined by measuring the remaining solution of TMX after washing the obtained HMNP-TMX with ultra-pure water. The relatively high % DLE of TMX (75%) was comparable to that reported for other Fe3O4-containing nanoplatforms (Dutta et al., 2018), and it was even higher than that achieved with other hybrid nanocarriers based on poly(L-lactic acid) (Hu et al., 2006), L-tyrosine (Nosrati et al., 2018a), and folic acid-polyethylene glycol conjugated (Majd et al., 2013). The % DLE obtained was attributed to the large number of -COOH groups incorporated by both L-Cys and HA, which were likely to ionize and interact with TMX. It is noteworthy that the pH of the medium used during the interaction between TMX and HMNP (pH ≈ 7) favored the deprotonation of the -COOH groups, causing these groups to carry a negative charge (-COO− groups), while TMX remained protonated.
To confirm the incorporation of the drug into the nanoplatform, a comprehensive characterization of the HMNP-TMX was performed (Figure 4). DSC analysis, TEM images, and FT-IR spectra provided valuable insights into the thermal behavior, morphology, and chemical structure of the TMX-loaded HMNP. PXRD analysis showed a characteristic peak for TMX along with the Fe3O4 phase. The TGA analysis indicated an increase in the thermal stability of each of the precursors when integrated into the nanoplatform. DSC analysis demonstrated complete interaction between the TMX and the HMNP, as evidenced by the disappearance of the endothermic fusion of TMX. This was in contrast to the PM, which exhibited the fusion endotherm of the free drug. The absence of the sharp peak of the drug fusion in the DSC analysis of the HMNP-TMX, could be attributed to the effective immobilization or binding of TMX within the HMNP.
The TEM micrographs not only provided a visualization of the morphology and size of the HMNP-TMX but also highlighted the reduction in aggregation compared to the TMX-unloaded nanoplatform. A similar behavior was observed with an agar-coated iron nanoplatform, in which the dispersion of the particles significantly improved upon incorporating TMX (Khan et al., 2023).
To better understand the interfacial properties of HMNP-TMX, DLS analyses were conducted upon dispersion in bio-relevant fluids (Table 2). The CM without antibiotics was selected to simulate the conditions that HMNP-TMX undergo in antitumor efficacy experiments. Buffer solutions were chosen because they were the media used in in vitro TMX release studies, which simulated physiological and lysosomal conditions (García et al., 2022). In accordance to the results shown in Figure 3, the presence of proteins in CM, due to the FBS, allowed achieving the lowest dH value, suggesting reduced aggregation of freshly prepared HMNP-TMX dispersion in this medium. This CM also influenced the ζ value, which could be explained by the protein-nanoparticle interactions. The pH values of both buffer solutions significantly affected the dH of the HMNP-TMX in dispersion (Table 2). As observed, in ABS at pH 5.1, a higher dH value was observed compared to that exhibited in PBS at pH 7.4, which was similar to that observed in CM. These results could be related to the pH-responsive behavior of HA, since it is an ionizable polymer and pH changes may have a significant impact on the performance of these type of hydrophilic polymers (Joseph, 2002); thereby inducing changes in the structure of HMNP as well as affecting the interaction of HMNP and TMX.
The magnetic behavior of the step-by-step samples obtained was evaluated under an RF field (Figure 5). The reported SAR values were consistent with the size of the MNP obtained by TEM analyses. For Fe3O4 nanoparticles of that size, the dominant dissipation mechanism is expected to be Néel relaxation, wherein the magnetic moment of the MNP flips between the two directions of the easy magnetization axis (Suto et al., 2009). This inference is, in turn, consistent with the similarity of SAR values across samples, given that the Néel mechanism is not dependent on the hydrodynamic radius of the MNP, which is modified with different functionalizations.
Overall, the detailed physicochemical characterization allowed us to comprehend the properties of TMX-loaded HMNP, providing valuable information for establishing its potential applications in drug delivery. Next, the biopharmaceutical and biological properties for cancer nanomedicine were studied.
The developed HMNP efficiently controlled the release of TMX under different release conditions (Figures 6A,B), acting as a promising nanocarrier for cancer nanomedicine. Consistent with the presented results, efficient control over TMX release has been previously reported for other HMNP based on Fe3O4 nanoparticles coated with L-lysine and loaded with this drug (Rostami et al., 2021), thus confirming the potential use of Fe3O4-containing nanoplatforms for controlled delivery of anticancer therapeutics. As expected, TMX reference sample was released at a faster rate, independently of the medium and temperature.
At physiological pH, the kinetic data of the HMNP fitted well to the Korsmeyer-Peppas model with n values near to or higher than 0.5 (Table 3), indicating a main Fickian transport in which the release of the drug was controlled by diffusion. However, other mechanisms such as ionic exchange and the relaxation of polymer chains could be also present. As described in Figure 6B and Table 3, at acidic pH, release profiles and their respective kinetic release were remarkably influenced by the temperature. Under physiological temperature, the kinetic data shifted, and release profiles fitted to Zero order model, indicating an almost constant release rate. The difference in kinetic release mechanisms could be attributed to the differential behavior exhibited by the HMNP-TMX when in contact with ABS pH 5.1 and PBS pH 7.4, according to the results presented in Table 2. The pH of the media not only influenced their dH (smaller in PBS pH 7.4 compared to ABS pH 5.1, Table 2) but also it may have a significant impact on the performance of hydrophilic polymers containing ionizable groups in their molecular structure (Joseph, 2002), as is the case of HA, which may allow triggering release of TMX by ion exchange (Figure 6C).
Interestingly, the HMNP-TMX can trigger the drug release at acidic pH and hyperthermia temperature, confirming its responsiveness to both stimuli, as it was schematically depicted in Figure 6C. The increase in the percentage of TMX release from HMNP-TMX at higher temperature (43°C) compared to physiological temperature (37°C) demonstrated its thermal response and prospects for magnetic hyperthermia therapy. The responsiveness to temperature changes is particularly interesting in the treatment of cancer since tumor tissues usually show hyperthermia due to the rapid metabolism of cancer cells (Franco et al., 2021). Moreover, the HMNP-TMX may also be used to be remotely activated by an external magnetic field, triggering the drug release by magnetic-induced heating response thanks to the presence of superparmagnetic Fe3O4 nanoparticles. pH-sensitive nanocarriers can undergo conformational changes at acidic medium (Torres et al., 2020; García, 2022) and, in the case of hydrophilic polymers containing ionizable groups, pH changes affect their ionization state (Joseph, 2002), leading to the cargo release. This pH-sensitive behavior is of particular interest for the delivery of anticancer drugs because the extracellular pH of cancer tissues is slightly acidic due to the high metabolic activity of cancer cells. This allows nanocarriers to trigger drug release into the cytoplasm, optimizing cancer therapy. If the components of HMNP present acid-base ionizable groups, as shown by HA, responsiveness to pH changes can be achieved. The results showed that HMNP-TMX exhibited pH-responsive behavior when comparing the release profiles obtained at pH 7.4 and 5.1 (Figures 6A,B). As HMNP exhibited negative ζ value at neutral pH, because under this condition it presented COO− groups (pKa value in the range 2.5–4.9), positively charged TMX interacted electrostatically with its ionizable groups (Cadena et al., 2021). Thus, at acidic pH, COO− of HA were protonated, displacing the drug and, therefore, triggering its release (equation shown in Figure 6C).
Since TMX is mainly used to treat a specific type of breast cancer known as estrogen receptor-positive (Osborne et al., 2000; Dal Berto et al., 2021), it was decided to challenge the HMNP-TMX, and its biological performance was studied against MDA-MB-231 triple negative human breast cancer cells, a subtype clinically more aggressive than other breast cancer subtypes (Mahmoud et al., 2022). These cells lack estrogen receptor, progesterone receptor and human epidermal growth factor receptor 2.
As shown in Figure 7, TMX not only preserved its anticancer activity but also exhibited a significantly enhanced effect when loaded into HMNP. Similar results were previously reported for HMNP-TMX against estrogen receptor-positive MCF-7 cells (Cadena et al., 2021). However, drug concentrations to achieve anticancer effects were lower against MCF-7 cells compared to those required against MDA-MB-231 cells.
The significantly higher anticancer activity of HMNP-TMX compared to the free drug (IC50 of HMNP-TMX was 2.7-fold lower than the IC50 of free TMX) could be explained not only by the reduced size of HMNP-TMX that may positively impact on the anticancer activity by a passive targeting mechanism but also due to the presence of CD-44 receptors that may mediated its endocytosis (Chen et al., 2018).
Summing up, a pH/temperature dual-responsive nanoplatform based on biocompatible components was synthesized through a simple methodology using low toxicity materials. This nanoplatform showed promising properties for cancer nanomedicine due to its their nano-scale size, magnetic behavior, ability to control the drug release under physiological conditions, and the capability to trigger TMX release under acidic and hyperthermia conditions, resulting in enhanced anticancer activity. The nature of the interaction between the magnetic core and organic ligands was investigated, revealing the significance of carboxylic acid groups for effective surface functionalization of Fe3O4 nanoparticles. The HMNP efficiently loaded TMX with a high % DLE, attributed to the abundance of -COOH groups incorporated by both L-Cys and HA, which were likely to ionize and interact electrostatically with TMX at neutral pH. The physicochemical characterization of HMNP-TMX confirmed the successful incorporation of TMX into the HMNP, and its magnetic behavior was consistent with the size of the magnetic core. Overall, these promising properties warrant further exploration in other cancer cell lines and murine models, particularly in the presence of an external stimulus, to evaluate the magnetic-induced heating response for hyperthermia therapy.
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