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Abstract

:

Magnetite/gold core-shell nanoparticles (magnetite/gold NPs) have important optical and magnetic properties that provide potential for applications, especially biomedical ones. However, their preparation is not exempt from difficulties that might lead to unexpected or undesired structures. This work reports the synthesis and characterization of magnetite/gold NPs using tetramethylammonium hydroxide (TMAH) to promote the formation of a continuous interface between the magnetite core and the thin gold shell. The synthesized magnetite/gold NPs were characterized using transmission electron microscopy (TEM), energy-dispersive spectroscopy (EDS), field emission scanning electron microscope (FE-SEM), ζ-potential, vibrating sample magnetometer (VSM), selected area electron diffraction (SAED), UV-Visible spectroscopy, and dynamic light scattering (DLS), confirming the core-shell structure of the NPs with narrow size distribution while evidencing its plasmonic and superparamagnetic properties as well. Further, the magnetite/gold NPs were associated and stabilized with a β-cyclodextrin nanosponge (β-CDNSs), obtaining a versatile magneto-plasmonic system for potential applications in the encapsulation and controlled release of drugs.






Keywords:


gold-magnetite nanoparticles; core-shell nanoparticles; superparamagnetic nanoparticles; surface plasmon resonance; magneto-plasmonic nanoparticles; cyclodextrin polymers












1. Introduction


Magnetite/gold core-shell NPs have unique magneto-plasmonic properties. These NPs are used in biomedical applications, such as magnetic resonance imaging (MRI), photothermal therapy, controlled drug delivery, protein isolation, biosensing, and DNA detection [1,2,3]. Their physicochemical characteristics are also of interest to developing cancer therapy strategies, such as binding to drugs and ligands for tumor cell destruction and targeted drug delivery [4,5]. Magnetite NPs have been receiving notorious attention on their part due to their superparamagnetic properties and their potential applications in the fields of medicine and pharmaceutics [6,7]. Another nanomaterial that has been thoroughly studied is gold nanoparticles (AuNPs), known for exhibiting a resonant oscillating surface plasmon when exposed to the frequency of visible light. Thus, AuNPs have a vast range of applications, which include electronics, photodynamic therapy, sensors, and drug delivery [8,9]. That said, gold and magnetite NPs have exciting properties that make them desirable to be combined on a single nanomaterial or nanocomposite.



Nevertheless, gold and magnetite NPs also have a fair number of shortcomings. For instance, AuNPs are short-lived in the bloodstream, and only a tiny amount binds to the organ or tissues when used for imaging [10]. Moreover, photothermal is limited to tissues close to the skin, and IR light only penetrates through thin tissues, not reaching deep inside [11,12]. On the other hand, magnetite NPs cannot bind to many macromolecules and have poor colloidal stability in physiological conditions, making their coating with a polymer or organic compound imperative [13,14].



To overcome such drawbacks, gold and magnetite NPs have been synthesized on a single nanomaterial. Magnetite/gold core-shell NPs have many advantages due to their low toxicity, plasmonic, and superparamagnetic nature [15,16]. Although various magneto-plasmonic NPs ranging in their morphology, size, and shape have been reported, such as gold and silver shells with a magnetite core [17], magnetite-gold nanoshells [18], dumbbell magnetite/gold NPs [19], and core-satellite magnetite/gold NPs [20], the most prominent core-shell shape consists in a concentric spherical one, which allows altering the core nanoparticle surface with another material, without compromising their properties. However, the synthetic routes present some disadvantages, promoting the formation of a magnetite-Au NPs composite rather than a core-shell structure [21].



In that regard, the surfactant molecules at the magnetite-gold interface might be essential in forming core-shell NPs. The use of tetramethylammonium hydroxide (TMAH) has been reported as a surfactant to facilitate the transition from an amorphous material to a crystalline phase, generating appropriate conditions for forming an enveloping layer of the noble metal [22]. That said, the colloidal stability of the magnetite/gold core-shell NPs is still an issue at hand.



β-cyclodextrins (β-CDs) are cyclic oligosaccharides widely used in pharmaceutical and medical formulations [23,24]. The cross-linking of β-CDs, using an appropriate organic linker, leads to the formation of a β-CD nanosponge (βCDNSs), which can be described as polymers with a plethora of lipophilic and hydrophilic interstices, suitable for the inclusion of a broad spectrum of drugs [25,26,27,28,29]. β-CDNSs have also been studied to stabilize noble metal nanoparticles, such as AuNPs [30,31,32], gold nanorods (AuNRs) [33], or silver nanoparticles (AgNPs) [34,35,36].



This work describes a method for synthesizing magnetite/gold core-shell systems and their further stabilization with βCDNSs. Figure 1 shows the schematic representation of the proposed binary system.



In summary, this article shows experimental evidence for forming a continuous interface between the surface of a magnetite core and the thin gold layer. The magnetite/gold NPs were further deposited and stabilized on βCDNSs to obtain a magneto-plasmonic system with potential applications in drug delivery or encapsulation of therapeutic agents.




2. Materials and Methods


2.1. Materials


All reagents used for the synthesis of the nanomaterials were of analytical grade: β-cyclodextrin, C42H70O35, 97%, 1134.9 g/mol; diphenyl carbonate, C13H10O, 99%, 214.2 g/mol; iron (III) chloride, FeCl3, 97%, 162.2 g/mol; iron (II) chloride, FeCl2, 97%, 126.7 g/mol; sodium hydroxide, NaOH, ≥99.9%, 39.9 g/mol; tetramethylammonium hydroxide, (CH3)4N(OH), 25% wt. in H2O, 91.1 g/mol; tetra chloroauric acid, HAuCl4, ≥99.9%, 339.7 g/mol; sodium citrate tribasic dihydrate, HOC(COONa)(CH2COONa)2 · 2H2O, ≥99.9%, 294.1 g/mol, and purchased from Sigma-Aldrich (Darmstadt, Germany). Milli-Q water was obtained through a Millipore Direct 5 system. All glass material used for this work was extensively washed with aqua regia.




2.2. Synthesis of Magnetite Nanoparticles


Magnetite NPs were synthesized using a previously reported co-precipitation method [37,38] with slight modifications. FeCl2 (0.1 M, 1 mL) and FeCl3 (0.2 M, 4 mL) were prepared in 0.1 M HCl under an Ar gas supply to provide an inert atmosphere. The co-precipitation was performed by dropwise adding NaOH (1 M, 50 mL) under constant stirring. The reaction was kept until a black ferrofluid was formed. Finally, 1 mL of tetramethylammonium hydroxide (TMAH, 25% wt.) was added to the synthesized magnetite NPs. The magnetite NPs were separated using a neodymium alloy magnet (5000 G), washed with double-distilled water, and stored at 4 °C to prevent their oxidation to maghemite.




2.3. Synthesis of Magnetite-Gold Core-Shell Nanoparticles


The thin gold shell was synthesized in situ to obtain magnetite/gold NPs, as reported by previous procedures [2,39]. 1 mL of a 0.5% v/v HAuCl4 solution was added to 30 mg of TMAH coated-magnetite NPs, suspended in 40 mL of Milli-Q water, and under reflux conditions (110 °C). After 10 min, 4 mL of a freshly prepared sodium citrate solution (1% wt.) was quickly added while stirring until the solution turned brownish-red. The developed magnetite/gold NPs were allowed to settle and cool to room temperature. The magnetic response of the obtained magnetite/gold NPs was evaluated using a neodymium magnet (5000 G), as illustrated in Figure A1 (see Appendix A).




2.4. Synthesis of the β-Cyclodextrin Polymer (βCDNSs)


βCDNSs were synthesized according to the melting method procedure [40]. The protocol was slightly modified to reduce the number of by-products, trace precursors and to increase yield. β-CD and diphenyl carbonate (DPC) were grounded and homogenized in a 1:4 molar ratio (1.5 g:0.85 g). Then, the solid mixture was heated to 100 °C for 5 h, under constant stirring. Afterward, the solid was left to cool at room temperature, washed with double distilled water and acetone through Soxhlet extraction, and dried at 80 °C for 24 h. The obtained βCDNSs were stored in a desiccator for further use.




2.5. Association of Magnetite/Gold Nanoparticles with βCDNSs


The βCDNSs were associated with the magnetite/gold NPs by adding 50 mg of the cyclodextrin polymer into 800 µL of magnetite/gold NPs. After settling for 15 min, the systems were centrifuged for 20 min. The βCDNSs turned from white to dark red upon deposition of magnetite/gold NPs. The obtained βCDNSs-magnetite/gold system was separated from the supernatant, washed with Milli-Q water, and resuspended to eliminate the uncomplexed magnetite/gold NPs.




2.6. Characterization of Magnetite, Magnetite/Gold, and βCDNSs-Magnetite/Gold NPs


TEM micrographs of magnetite, magnetite/gold, and βCDNSs-magnetite/gold NPs were obtained using a Tecnai ST F20, 200–800 kV HR-TEM instrument, operating at 120 kV and equipped with SAED and EDS. The samples were dispersed in an ethanolic solution (30% v/v), sonicated for 10 min, and deposited (5 µL) on a copper grid with a film of Formvar.



The surface morphology of βCDNSs-magnetite/gold NPs was analyzed through scanning electron microscopy (SEM) using a Zeiss LEO-Supra 35-VP with an acceleration voltage of 20 kV and equipped with an EDS. For measurements, the βCDNSs-magnetite/gold sample was dried and mounted on a metal stub with a carbon film.



The structure and morphology of the magnetite/gold NPs were elucidated using FE-SEM microscopy in an INSPECT-F50 FEI equipped with an EDS detector. The sample was prepared according to the procedure described for TEM analysis and deposited on a copper grid with a holey carbon film.



The hydrodynamic diameters (Dh), polydispersity indexes (PDI), and ζ-potentials for magnetite, Au-magnetite, and βCDNSs-magnetite/gold NPs were calculated using DLS Zetasizer NanoS series, Malvern. The samples were diluted using double-distilled water before measuring at 298 K, using the cumulant method to obtain the Dh and PDI values and the Smoluchowski approximation for the ζ-potentials.



UV-Visible spectrophotometry was performed to ascertain the presence of the surface plasmon resonance in the magnetite/gold and βCDNSs-magnetite/gold NPs. The spectra were obtained using a Perkin Elmer, Lambda 25 UV-Visible spectrometer and processed with the UVProve 1.10 software. The measurements were conducted in a 200–700 nm range, with deionized water as a reference.



The saturation magnetization of magnetite, magnetite/gold, and βCDNSs-magnetite/gold NPs was determined using a homemade vibrating sample magnetometer (VSM). The hysteresis curves were obtained with the following parameters: 50 mg of each sample, a magnetic field range from −8000 to 8000 Oersted, and 298 K.



Fourier transform infrared (FT-IR) spectra of βCDNSs, and βCDNS-magnetite/gold NPs were obtained using a Jasco FT-IR 4600 spectrometer. One hundred fifty scans per sample were performed at 298 K in a 400–4000 cm−1 range. CO2, H2O, and KBr baseline correction were made with the Spectra Manager Software (Jasco, PA, USA).



Determination of Fe and Au content in the magnetite/gold and βCDNSs-magnetite/gold NPs was performed through atomic absorption spectrophotometry (AAS) using a Perkin-Elmer Model 5100. The samples were dried at 60 °C, digested in 1 M HNO3 and 1 M HCl (1 mL each), and diluted suitably (1:2 v/v) before measurements at 1800 °C and in air-acetylene flame. Gold (1000 mg Au; HAuCl4 in 12.7% HCl) and iron (1000 mg Fe; FeCl3 in 15% HCl) standards (Sigma-Aldrich, Saint Louis, MO, USA) were used for the calibration curves.





3. Results and Discussion


3.1. Characterization of the Synthesized Magnetite/Gold NPs


The morphology and mean size of the synthesized magnetite/gold NPs were elucidated through TEM and HR-TEM analyses. Figure 2 illustrates the TEM micrographs of bare magnetite (A) and magnetite/gold NPs (B), whereas Figure 2C,D depicts the images of magnetite/gold NPs obtained with HR-TEM. Bare magnetite NPs were found to be 15 ± 3 nm with spherical morphology. TEM images of magnetite/gold NPs allowed us to identify a thin coating surrounding the magnetite core, with a shell thickness of roughly ~2 ± 0.1 nm, while retaining the spherical morphology of bare magnetite and a mean size of 20 ± 5 nm.



HR-TEM was performed to confirm these findings, exhibiting that the most prominent interstitial lattice plane that can be indexed to the crystalline structure of magnetite (0.25 nm, 311) [41,42,43]. While uncoated magnetite NPs were still observed in the micrographs, it is possible to ascertain that a core-shell interface has formed (for further information on the size distribution measured from TEM, see Appendix A).



TMAH plays an essential role as a capping agent, required for the reduced gold to coat the surface of magnetite NPs, as it can be replaced through ligand exchange with another capping agent, such as sodium citrate [44,45]. The absence of capping agents might lead to a mixture of coated and uncoated particles or the formation of AuNPs separately, as the magnetite NPs surface is unavailable as a nucleation site. The obtained magnetite-gold system without using TMAH as a capping agent was characterized by TEM micrographs, which are summarized in Figure 3.



To corroborate the presence of Au in the thin layer, the SAED of magnetite/gold NPs was performed and compared to that of bare magnetite, as shown in Figure 4. Bare magnetite NPs (Figure 4A–C) evidenced diffraction patterns of 0.298, 0.256, 0.211, 0.173, 0.163, and 0.148 nm, which are consistent with magnetite (220), (311), (400), (422), (511), and (440) crystalline arrays of spacing, respectively (adapted from reference [46]). The analysis of magnetite/gold NPs (Figure 4B–D) exhibited the interstitial planes of bare magnetite, with new lattice fringes of 0.237 and 0.205 nm, which correspond to the (111) and (200) crystalline structure of Au [47]. Moreover, EDS was performed to confirm the presence of both Fe and Au in the developed core-shell structure (see Figure 5). The detection of C and Cu is attributed to the composition of the grid. The distribution of Au within the Fe core was also investigated using elemental EDS mapping, as illustrated in Figure 5. The analysis demonstrated that the location of Au and Fe in the sample is strongly correlated, revealing a homogeneous distribution of Au all over the magnetite NPs, with a Fe/Au atomic ratio of 7.1, consistent with the dominant signals provided by the Fe core.



UV-Visible spectroscopy was performed to ascertain the presence of the surface plasmon resonance (SPR) band in the synthesized magnetite/gold NPs. The UV-Visible spectra of magnetite/gold NPs were compared to that of bare magnetite and bare AuNPs, summarized in Figure 6. An absorption peak was not observed for magnetite NPs in the visible range. The characteristic SPR of bare AuNPs was observed at 520 nm, consistent with AuNPs exhibiting a mean size diameter of 10–15 nm (for further details on bare AuNPs, see Appendix C). An SPR band was also present in the magnetite/gold NPs, with a bathochromic shift from 520 to 530 nm and a broadening of the absorption band, which can be attributed to the interaction between the core and shell interfaces and changes in the NPs surface [22,48,49]. Bathochromic shifts are related to changes in the dielectric constant and interaction among nanoparticles, which can be ascribed to quantum-size effects and a higher electronic density provided by the gold coating in the modified nanostructures. This is consistent with a magnetite/gold interface rather than a magnetite-gold composite [39,49].



Bare magnetite and magnetite/gold NPs were characterized through DLS measurements, which indicated an average Dh of 28 ± 7 nm for bare MNPs, and 35 ± 9 nm for magnetite/gold NPs, as summarized in Table 1. The values obtained are higher than those observed from TEM measurements, as DLS provides information regarding the solvation sphere or the stabilizing agents surrounding the NPs. Magnetite and magnetite/gold NPs have negative ζ-potential values due to the contribution of TMAH on the surface of the magnetite core [22,47]. The changes in the ζ-potential value upon coating could be attributed to the thin Au layer. Finally, the PDI values below 0.7 indicate that the developed NPs present monodispersity [48] and are not prone to rapid agglomeration or precipitation, supported by the observed ζ-potential values in the ±10–30 mV range [50,51].




3.2. Characterization of the Synthesized βCDNSs-Magnetite/Gold System


The FE-SEM and EDS characterization techniques analyzed the morphology and the deposition of magnetite/gold NPs onto the as-synthesized βCDNSs. Figure 7A exposes the rough surface of βCDNSs, consistent with the structure previously reported for βCD polymers synthesized with DPC as cross-linking agent [29,52,53,54]. Characterization employing EDS mapping analysis evidenced the presence of C, O, and Fe in the organic substrate and the uniform distribution of magnetite/gold NPs all over the βCDNSs (Figure 7B–D, respectively). The localization of Au, using EDS mapping (Figure 7E), provides evidence that the core-shell interface is preserved upon immobilization onto the organic polymer, suggesting that most of the magnetite NPs were coated with gold. The EDS spectra of the βCDNSs-magnetite/gold system revealed its elemental composition and the presence of O, Fe, and Au (Figure 7F).



In addition, TEM analysis was performed to ascertain the morphology and integrity of magnetite/gold NPs upon association with βCDNSs. The micrographs are illustrated in Figure 8. Magnetite/gold NPs retain their mean size (~20 nm, see Appendix B, Figure A2) and spherical morphology after deposition onto the polymer. However, it is possible to observe both dispersion and aggregation of the core-shell NPs (Figure 8A). The SAED pattern displayed in Figure 8A proved the crystalline structure of the NPs, and the identified planes are consistent with those observed in Figure 4B. Moreover, Figure 8B emphasizes that the core NPs correspond to magnetite NPs and that the thin layer corresponds to an Au shell, as supported by the crystalline planes provided by HR-TEM.



The magnetization saturation of the βCDNSs-magnetite/gold system was evaluated to determine if the magnetite/gold NP’s superparamagnetic nature is preserved upon association with the cyclodextrin polymer. Figure 9 depicts the hysteresis curves of magnetite/gold NPs and the βCDNSs-magnetite/gold system. VSM analysis shows that both systems present superparamagnetic behavior, with coercivity and remanence values near zero. However, the comparison of the curves demonstrated that the magnetization saturation drastically decreased concerning bare magnetite/gold NPs (78.3 emu/g) upon immobilization into the βCDNSs polymer (17.7 emu/g) due to the diamagnetic nature of the latter [43,52].



Furthermore, the shielding effect due to the presence of diamagnetic gold on the surface of the magnetite core also contributes to the decrease in the saturation magnetization value and the interruption of the long-range order magnetic exchange interaction coupling upon coating with gold atoms [55,56]. Nonetheless, the developed systems present low coercivity and remanence, making them suitable candidates for biological, medical, and controlled drug release applications.



UV-Visible spectroscopy was performed to elucidate the presence of the SPR band in the βCDNSs-magnetite/gold system. The maximum absorption band in βCDNSs-magnetite/gold NPs was observed at 560 nm, evidence of a bathochromic shift from the 530 nm absorption band in the magnetite/gold NPs (see Figure 10). The red-shifted displacement of the SPR band could be attributed to the changes in the magnetite/gold NPs’ chemical environment and their dielectric constant. The deposition of the NPs onto the βCDNSs matrix, dispersed and aggregated in the organic substrate, as observed in the TEM micrographs (Figure 8A), might also promote a broadening and shifting of the SPR [30,57].



FT-IR spectra of βCDNSs and βCDNSs-magnetite/gold NPs were determined to ascertain the interactions of the core-shell system with the polymer, as shown in Figure 11. FT-IR spectra of bare βCDNSs evidenced vibrational bands of 1039 cm−1 (C-O-C, stretching), 1100 cm−1 (OH, bending), 1477 cm−1 (C-H, bending), 2728 cm−1 (C-H, stretching), 3158 cm−1 (OH, stretching), and 1625 cm−1 (C=O, stretching). The observed vibrational spectra indicated that the βCDNSs bands are consistent with that of a cross-linked βCD [33,40]. Moreover, the FT-IR spectra of βCDNSs associated with magnetite-gold NPs displayed the characteristic peaks of the polymer, but with shifts in their location and intensity, due to the changes in the chemical environment of the functional groups and their interaction with magnetite-gold NPs. The shift of the C=O stretching peak of βCDNSs allowed us to infer that the carbonyl group is coordinated with the magnetite-gold NPs. Moreover, the FT-IR spectra of βCDNSs-magnetite/gold NPs showed 578 and 628 cm−1 stretching frequencies, attributed to the core-shell system’s Fe-O bond [58,59].



The utility of βCDNSs as a substrate to prevent agglomeration of the magnetite/gold NPs was studied through DLS and ζ-potential measurements. As described by Table 2, bare βCDNSs present Dh within the nanometric range (>200 nm). In contrast, the PDI and ζ-potential values indicate the colloidal stability (±31 mV) and monodispersity (PDI > 0.7) of the polymer. The resistance to aggregation, nanometric dimensions, and monodispersity is retained after its modification with magnetite/gold NPs, which is relevant for potential in vivo or drug encapsulation applications [7,60,61]. Furthermore, the PDI and ζ-potential values of βCDNSs-magnetite/gold demonstrate that the colloidal stability of the core-shell NPs is improved after their deposition in the cross-linked cyclodextrins (for further information on the stability of all systems, see Appendix D).



AAS was performed to determine the Fe and Au content in the magnetite/gold and βCDNSs-magnetite/gold formulations for potential biomedical and drug release applications. The quantitative analysis is summarized in Table 3, which showed a Fe content of 163 and 83 mg/L in the magnetite/gold and βCDNSs-magnetite/gold NPs, respectively. Au content was 23 mg/L for the magnetite/gold core-shell structure and 11 mg/L for the βCDNSs-magnetite/gold NPs. Furthermore, a Fe/Au ratio of 7.1 for the magnetite/gold NPs was estimated, which is retained upon immobilization onto the organic βCDNSs substrate. Together, these results confirm that βCDNSs provide stability to the core-shell nanoparticles and contribute to retaining their integrity and magneto-plasmonic properties.





4. Conclusions


Magnetite/gold core-shell NPs were synthesized with a narrow size distribution, assisted by adding TMAH as a surfactant. Magnetite NPs with a thin Au layer were obtained, confirming the formation of a core-shell interface through HR-TEM, FE-SEM, DLS, ζ-potential, EDS, SAED, VSM, and UV-Visible analyses while also providing valuable information on the superparamagnetic and plasmonic behavior in the nanohybrid structure. Further, the magnetite/gold NPs were associated with βCDNSs to obtain a magneto-plasmonic polymer. Characterization using SEM, EDS, FT-IR, VSM, DLS, ζ-potential, UV-Visible, AAS, and HR-TEM confirms that the βCDNSs provide a proper environment for the stabilization of the magnetite/gold NPs without compromising their magneto-plasmonic integrity while retaining the rough surface of the cyclodextrin polymer. The only drawback could be the decrease in the magnetization saturation of magnetite/gold NPs upon association due to the diamagnetic nature of the cyclodextrin polymer. Nevertheless, the developed βCDNSs-magnetite/gold system presents a novel and unique material with prospects in pharmaceutical formulations, cell viability assays, drug encapsulation, and controlled drug delivery.
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Figure A1. Magnetic response (neodymium magnet, 5000 G) of the synthesized magnetite-Au core shell NPs. 
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Figure A2. Distribution sizes of bare magnetite, Au-magnetite, and magnetite/gold NPs associated with βCDNSs measured from TEM micrographs. 






Figure A2. Distribution sizes of bare magnetite, Au-magnetite, and magnetite/gold NPs associated with βCDNSs measured from TEM micrographs.
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Appendix C. Synthesis and Characterization of AuNPs


Bare AuNPs were synthesized and characterized using the Turkevich method for comparison purposes [62]. Briefly, 100 mL of a HAuCl4 solution (1 mM) was added to a 200 mL flask with three necks equipped with a condenser. Further, the aqueous solution of HAuCl4 was refluxed under stirring conditions. Then, 10 mL of sodium citrate (38.8 mM) solution was heated at 60 °C for 5 min and quickly added to the HAuCl4 solution. The reflux was kept for 30 min until a red solution appeared. The obtained AuNPs were allowed to cool at room temperature, filtered using a 0.45 μm cellulose acetate membrane, and set to pH 8.8 using a 1 M NaOH solution.



To ascertain its differences from the synthesized magnetite-Au core-shell NPs, the obtained AuNPs were characterized using TEM and UV-Visible spectroscopy, as illustrated in Figure A3.
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Figure A3. TEM micrographs (A,B), distribution size (C), and UV-Visible spectra (D) of bare AuNPs used as control. 






Figure A3. TEM micrographs (A,B), distribution size (C), and UV-Visible spectra (D) of bare AuNPs used as control.
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Appendix D. Colloidal Stability of Magnetite-Au NPs, βCDNSs, and βCDNSs-Magnetite-Au NPs after Ten Days of Storage at Room Temperature


The hydrodynamic diameters, colloidal stability, and PDI of magnetite-Au NPs, βCDNSs, and βCDNSs-magnetite-Au NPs were evaluated at room temperature after ten days of storage. The magnetite-Au NPs displayed slight changes, evidencing an increase in the Dh, which might be ascribed to the agglomeration of the core-shell system. This is supported by a decrease in the ζ-potential values and an increase in PDI. Notably, the Dh, ζ-potential, and PDI of βCDNSs-magnetite-Au NPs showed no significant changes upon ten days, confirming the system’s stability, as depicted in Table A1.
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Table A1. Hydrodynamic diameter (Dh), ζ-potentials, and PDI of magnetite-Au NPs, βCD-NSs, and βCDNSs-magnetite-AuNPs after ten days of storage at room temperature.






Table A1. Hydrodynamic diameter (Dh), ζ-potentials, and PDI of magnetite-Au NPs, βCD-NSs, and βCDNSs-magnetite-AuNPs after ten days of storage at room temperature.





	Sample
	Dh (nm)
	ζ-Potential (mV)
	PDI





	βCDNSs
	170 ± 13
	−30 ± 8
	0.35



	Magnetite/gold NPs
	41 ± 11
	−13 ± 5
	0.63



	βCDNSs-Magnetite/gold
	181 ± 20
	−21 ± 7
	0.44
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Figure 1. Schematic representation of βCDNSs association with magnetite/gold NPs. 
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Figure 2. TEM micrographs of bare magnetite (A) and magnetite/gold NPs (B); HR-TEM (C,D) micrographs of the synthesized magnetite/gold NPs. 
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Figure 3. TEM micrographs of magnetite/gold NPs without using TMAH as a capping agent. AuNPs (highlighted with red arrows) are formed separately rather than in a core-shell structure. 
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Figure 4. Selected areas and SAED patterns of bare magnetite (A,C) and magnetite/gold NPs (B,D). 
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Figure 5. EDS mapping and EDS spectra of magnetite/gold NPs. 
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Figure 6. UV-Visible spectra of bare magnetite, bare AuNPs, and magnetite/gold NPs. 
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Figure 7. FE-SEM (A), EDS mapping, confirming the presence of carbon (B), oxygen (C), iron (D), and gold (E), EDS spectra (F) of the magnetite/gold NPs associated with βCDNSs. 
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Figure 8. TEM and SAED of the magnetite/gold NPs deposited on the βCDNSs substrate (A), lattice fringes of magnetite and gold in the βCDNSs-magnetite/gold NPs system observed with HR-TEM (B). 
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Figure 9. VSM of magnetite/gold NPs and the βCDNSs-magnetite/gold system. 
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Figure 10. UV-Visible spectra of magnetite/gold NPs and the βCDNSs-magnetite/gold system. 
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Figure 11. FT-IR spectra of βCDNSs and βCDNSs-magnetite/gold NPs. 
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Table 1. Hydrodynamic diameter (Dh), ζ-potentials, and PDI of bare magnetite and magnetite/gold NPs.
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	Sample
	Dh (nm)
	ζ-Potential (mV)
	PDI





	Magnetite NPs
	28 ± 7
	−43 ± 5
	0.21



	Magnetite/gold NPs
	35 ± 9
	−19 ± 7
	0.58
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Table 2. Hydrodynamic diameter (Dh), ζ-potentials, and PDI of βCD-NSs and βCDNSs-magnetite-AuNPs.
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	Sample
	Dh (nm)
	ζ-Potential (mV)
	PDI





	βCDNSs
	168 ± 11
	−31 ± 7
	0.33



	βCDNSs-Magnetite/gold
	177 ± 17
	−22 ± 5
	0.41
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Table 3. Fe and Au content in the magnetite/gold and βCDNSs-magnetite/gold formulations.
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	Sample
	Fe (mg/L)
	Au (mg/L)
	Fe/Au Ratio





	Magnetite/gold NPs
	163.3 ± 2.8
	22.7 ± 3.1
	7.1



	βCDNSs-Magnetite/gold
	83.5 ± 3.3
	10.5 ± 1.7
	7.9
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