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Abstract

:

Magnetic iron oxide nanoparticles were obtained for the first time via the green chemistry approach, starting from two aqueous extracts of wormwood (Artemisia absinthium L.), both leaf and stems. In order to obtain magnetic nanoparticles suitable for medical purposes, more precisely with hyperthermia inducing features, a synthesis reaction was conducted, both at room temperature (25 °C) and at 80 °C, and with two formulations of the precipitation agent. Both the quality and stability of the synthesized magnetic iron oxide nanoparticles were physiochemically characterized: phase composition (X-ray powder diffraction (XRD)), thermal behavior (thermogravimetry (TG) and differential scanning calorimetry (DSC)), electron microscopy (scanning (SEM) and transmission (TEM)), and magnetic properties (DC and HF-AC). The magnetic investigation of the as-obtained magnetic iron oxide nanoparticles revealed that the synthesis at 80 °C using a mixture of NaOH and NH3(aq) increases their diameter and implicitly enhances their specific absorption rate (SAR), a mandatory parameter for practical applications in hyperthermia.
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1. Introduction


Cancer still remains a huge health concern worldwide, with an incidence, at the present time, of over 4.9 million of cases in Europe, from which there are over a hundred thousand cases in Romania. The incidences of cancer in Romania are expected to rise by 5.4% by 2030. According to global cancer observatory data, until now, deaths from cancer in Europe are over 2.2 million, fifty thousand of which are in Romania, and this is expected to rise by 7.6% by 2030 [1]. For this reason, in the last decade, significant measures have been developed for the diagnosis, monitoring, and therapy of cancer [2,3,4,5,6]. The diagnostic stage is primordial because the discovery of cancer in an early phase is determined by the choice of the most suitable and effective cancer therapy. Although it presents many disadvantages and side effects [7,8,9], the viable conventional therapies used for cancer treatment are radiation therapy, chemotherapy, and surgery [10]. In consideration of the limited efficacy of viable conventional therapies, the development of new additional treatment approaches is strongly required. One antitumor therapy, which has been known and used for more than 30 years, is magnetic hyperthermia [11].



Hyperthermia is a therapeutic approach for cancer treatment and offers potential benefits for the treatment of many types of cancer, especially when used in combination with other therapies, such as chemotherapy [12,13], radiotherapy [14,15], or both [16,17]. Hyperthermia is based on an increase in temperature from 37 °C up to 45–46 °C, leading to the destruction of cancer cells by apoptosis, thus shrinking the tumors [18,19,20]. The great disadvantage of this therapeutic approach is the inability to heat only the tumor region, thus, by rising the temperature, normal cells are also affected [21]. Moreover, in solid tumors, internal heat dissipation takes place in the entire tumor mass, but this cannot adapt to such heat (45 °C), and the deep-seated tumor region overheats up to 50 °C [22]. However, by using various heat sources for hyperthermia purposes, specific body zones can be heated. By increasing temperature in a specific body zone, the therapeutic effect is maximized around the neighborhood of the respective body zone, while the undesirable side effects are minimized in the rest of the body zones [23]. The most investigated heating sources are magnetic nanoparticles, known as magnetic hyperthermia, which transform the electromagnetic energy given by an external high-frequency alternating (AC) magnetic field into heat [15]. Magnetic hyperthermia is a non-invasive treatment approach to cancer therapy that provides an alternative for certain types of cancers, especially for solid tumors [24], due to the fact that the AC magnetic field acts in the depth of the targeted tissues. In addition, this therapeutic technique allows the administration of concentrated magnetic nanoparticles that can stay, in certain conditions, around the tumor proximity, or in it, for repeated therapy sessions [25,26].



Among magnetic nanoparticles, magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the most utilized nanomaterials for magnetic hyperthermia [27]. Due to their unique and distinctive physicochemical and biological features (superparamagnetic behavior, dimensions below 100 nm, large surface area-to-volume ratio, low toxicity, biocompatible with the human organism, easily controlled and modified surface functionalization, high heating efficiency), magnetite and maghemite are the most promising candidates used in magnetic hyperthermia therapy for cancer management [28,29,30,31,32,33,34,35]. Throughout time, various techniques have been applied to synthesize Fe3O4 and γ-Fe2O3, such as co-precipitation, thermal decomposition, laser pyrolysis, laser ablation, hydrothermal and solvothermal method, microemulsion, microwave radiation sol-gel, combustion, and the green method. Of all these techniques, the green method represent the simplest, most cost effective, and environmentally/biologically friendly alternative, and it has gained ground lately for the fabrication of magnetic nanoparticles compared with chemical or physical methods [36]. The green chemistry method allows the utilization of different bio-entities, such as plant extract, bacteria, viruses, algae, fungi, yeast, etc. [37,38,39,40,41]. Among all these biologic materials, plant extracts have the ability to reduce the metal precursor and stabilize the nanoparticles in a single-step method [42], and they are a harmless, cheap (often freely available), and easy to handle raw material. In addition, the phytocompounds from plant extracts (carbohydrates, alkaloids, amino acids, flavonoids, proteins, saponins, tannins, terpenoids, aromatic/nitrogenous compounds) also work in the same way as redox mediators and capping agents for the nanoparticles [38,41,43]. Many studies have clarified that the features of synthesized magnetic nanoparticles from plant extracts (dimension, shape, yield, phase composition, stability) [44,45,46,47], mainly depend on various parameters (type of plant extract, metal salt concentration, volume ratio of the extract to metallic salt precursor, presence or absence of precipitation agent, and reaction conditions: pH, temperature and incubation time) [42,47,48,49]. For example, it is well known that varying the extract amount in the reaction medium significantly influences the shape of the synthesized nanoparticles, while by varying the extract concentration, one can influence the size of the synthesized nanoparticles. By varying the pH of the reaction medium, one can change the size and shape of the synthesized nanoparticles; larger nanoparticles can be obtained at low pH. The reaction time has an influence on the size and yield of nanoparticles, while reaction temperature influences the shape, size, and yield of the synthesized nanoparticles from plant extracts [49,50,51,52]. Regarding the type of plant extract, the multitude of biologically active compounds and their subsequent interaction with metallic precursor are the main factors that contribute to the diversity of the obtained nanoparticle size and shape. Considerable efforts have been dedicated lately to the design of superparamagnetic nanoparticles from various plant extracts, with complex functional features, which provide a high potential use in the biomedical field [48].



Artemisia absinthium L. (Asteraceae), commonly known as wormwood (W), has a plethora of bioactive phytoconstituents, such as phenols, terpenoids, flavonoids, coumarins, acetylenes, and sterols [53,54]. These bioactive phytoconstituents extracted from wormwood possess several therapeutic effects: digestive, insects repellent, antiprotozoal, anthelmintic, antibacterial, antifungal, anti-inflammatory, cytotoxic, antioxidative, neuroprotective, and wound healing [55,56,57,58,59,60].



This study was started with the aim of investigating to what extent the magnetic nanoparticles obtained by the green chemistry approach possess magnetic hyperthermia features, so that they can be used for the development of new therapeutic strategies that contribute to the improvement of current cancer therapies. In order to be suitable for medical purposes, the synthesized magnetic nanoparticles must be sensitive to heat, possess strong magnetic properties to allow them to be directed through the blood system, and have suitable dimensions and high specific surface to allow the attachment of other antitumor compounds. Therefore, the purpose of the current study consists of:




	
the fabrication of magnetic iron oxide nanoparticles through the green chemistry approach, starting from an aqueous extract of wormwood (Artemisia absinthium L.) based on leaves and stems, respectively;



	
the characterization of the preformed magnetic iron oxide nanoparticles through physicochemical analyzes;



	
the evaluation of hyperthermic efficacy of the preformed magnetic iron oxide nanoparticles by determining the specific absorption rate (SAR).








To date, several studies [61,62,63,64,65,66,67,68] have been reported in the literature in which magnetite and/or maghemite were synthesized by the green method, designed for hyperthermia applications, but none of them have evaluated the magnetic nanoparticles obtained as such from the synthesis. In addition, no study has been reported regarding the employment of wormwood for the fabrication of magnetic nanoparticles used for magnetic hyperthermia applications. Therefore, we can affirm that this is the first research study in which is detailed the biosynthesis of magnetic iron oxide nanoparticles using an aqueous extract of wormwood based on leaves and stems, designed for magnetic hyperthermia applications.




2. Results and Discussion


2.1. Samples Description


Two types of magnetic iron oxide nanoparticles were fabricated by the green chemistry approach at 25 °C and at 80 °C, coated with phytocompounds extracted from an aqueous extract of wormwood leaves (WL 25 and WL 80) and stems (WS 25 and WS 80), respectively. The parameters of the synthesis reaction were identical, with the exception of the precipitation agent—the first set of nanoparticles were obtained when a mixture of NaOH 1M and NH3(aq) 25% precipitation solutions was used, and for the second set of nanoparticles, only NH3(aq) 25% precipitation solution was used. The chemical reaction regarding the formation and precipitation of Fe3O4 is given in Equations (1) and 2.


  W o r m w o o d   l e a f   ( W L )   a n d   s t e m   ( W S )   +    H 2   O   ( l )      +   F  e   (  a q  )    3 +     +   F  e   (  a q  )    2 +      →  s t i r r i n g      [  W L / W S @ F  e  3 +   ⋅ F  e  2 +    ]   



(1)






   [  W L / W S @ F  e  3 +   ⋅ F  e  2 +    ]    +   8 O  H   (  a q  )   −     →  s t i r r i n g        [  W L / W S @ F  e 3   O 4   ]     ( s )      +   4  H 2   O   (  a q  )     



(2)







Table 1 describes the reagents used and the parameters of the synthesis reactions.




2.2. Physicochemical Properties of Magnetic Iron Oxide Nanoparticles Obtained via the Green Chemistry Approach


2.2.1. Phase Composition and Structural Characterization


Figure 1 exhibist the XRD spectra of the magnetic nanoparticles synthesized with two wormwood aqueous extracts from leaves (WL) and stems (WS), at two synthesis temperatures (25 °C and 80 °C) and a mixture of NaOH 1M and NH3(aq) 25% as a precipitating agent. The XRD patterns of the resultant magnetic nanoparticles were found to resemble the characteristic magnetite nanoparticles pattern (PDF: 190,629). The diffraction peaks resulted from the XRD analysis are located at 2θ values around 18.12°, 30.18°, 35.49°, 43.31°, 53.57°, 57.14°, 62.78°, 71.25°, and 74.22°, in agreement with the reference peaks of magnetite, corresponding to (111), (220), (311), (400), (422), (511), (440), (533), and (444) Bragg’s planar reflections, respectively. The crystallite size of the prepared samples seems to be influenced by the temperature and extract type. In the case of the samples fabricated from the aqueous extract of wormwood leaves, the crystallite size increases from 3 nm (WL 25) to 7 nm (WL 80) as the synthesis temperature increased from 25 °C to 80 °C. In the case of wormwood stem-derived samples, the crystallite size changed from 7 nm (WS 25) to 9 nm (WS 80), as the synthesis temperature increased from 25 °C to 80 °C.



Figure 2 exhibits the XRD spectra of the samples prepared using the same wormwood aqueous extracts from leaves and stems, at the same synthesis temperatures (25 °C and 80 °C), but with only NH3(aq) as the precipitating agent. As in the previous case presented, the XRD patterns of the resultant magnetic nanoparticles were also found to resemble the characteristic magnetite nanoparticle pattern. The diffraction peaks resulted are located at 2θ values around 18.31°, 30.18°, 35.49°, 43.11°, 53.5°, 57.14°, 62.88°, 71.52°, and 74.46°, corresponding to (111), (220), (311), (400), (422), (511), (440), (533), and (444) Bragg’s planar reflections, respectively. One can observe that, unlike when using NaOH and NH3(aq) mixtures as precipitating agents, the samples precipitated with NH3(aq) only exhibit lower crystallite size. The diameter of the magnetic nanoparticle crystallites at room temperature ranged from 1 to 7 nm. When NH3(aq) was used as the precipitation agent, the crystallinity of the magnetic nanoparticles, given by the sharp peaks shown in Figure 2, are marked only for the nanoparticles fabricated from the aqueous extract of wormwood stems at 25 °C and 80 °C (WS 25-2 and WS 80-2) and for the nanoparticles WL 80-2, fabricated from aqueous extract of wormwood leaf at 80 °C. The XRD pattern of the sample fabricated at 25 °C from the aqueous extract of wormwood leaf (WL 25-2), using NH3(aq) as the precipitation agent, suggest that the sample is practically amorphous, due to the lack of marked diffraction peaks.



In terms of phase composition, the XRD patterns have not revealed significant differences among the prepared samples. With one exception (WL 25-2), all samples showed the inverse spinel structure of cubic magnetite or maghemite, regardless of the precipitating agent used [69]. These results are in agreement with those of other researchers [70,71,72,73,74].



Karthik et al. [75] demonstrated that the amorphous nature of the nanoparticles is not toxic for living organisms. Moreover, they showed that the amorphous nanoparticles obtained from plant extracts have an enhanced biocompatibility for different applications, which is a mandatory requirement for the biomedical field. Regarding the purity of the synthesized samples, one cannot neglect the fact that the diffraction peaks of Fe3O4 and γ-Fe2O3 are very close. Therefore, one cannot exclude the presence of both compounds. According to Kim et al. [76], it is very possible that, during the synthesis (for 2 h), the partial oxidation of magnetite to maghemite occurs. Consequently, it is most likely that each sample contains a mixture of magnetite (predominant phase due to the strong magnetic moment and black color of the samples) and maghemite (probably in traces).




2.2.2. Thermal Behavior


Figure 3 shows the TG−DSC graphs of magnetic nanoparticles synthesized using the leaves and stems of wormwood aqueous extracts and a mixture of NaOH and NH3(aq) as precipitation agents. Regardless of the aqueous extract or the temperature of obtaining the magnetic nanoparticles, the TG−DSC curves indicate there are no major differences between the samples. At low temperature (below 100 °C), water evaporation takes place, as evidenced by the endothermic effect accompanied by a mass loss on the TG curve. The total weight loss percentage was higher when the magnetic nanoparticles were obtained at 25 °C compared to those obtained at 80 °C (WL: 20.44% vs. 14.34%; WS: 13.78% vs. 10.92%). Between 200 °C and 300 °C, all four DSC curves show two overlapped exothermic effects. These effects are accompanied by a significant mass loss on the TG curve and most likely are related to the oxidation of the organic compounds contained in the vegetal product (wormwood leaf and stem aqueous extracts). In the same temperature range, magnetite is most-likely oxidized to maghemite. In the case of sample WL 25, one can observe small exothermic effect at 514.0 °C, accompanied by a low mass loss of 1.05%. This effect could be related to maghemite–hematite polymorph transition.



The TG−DSC curves of the samples synthesized using the aqueous extracts of the leaves and stems of wormwood and only NH3(aq) aqueous solution as the precipitation agent are depicted in Figure 4. As in the case of the previous set of samples, the mass loss taking place below 100 °C is related to water removal. The largest weight loss occurs in the range 100–500 °C and can be ascribed to the decomposition of the organic biomolecules contained in the plant extract and capped on the magnetic nanoparticles’ surface. Both overlapped exothermic effect are also recorded in this case, between 200–300 °C, probably due to the oxidation/degradation of the organic phytocompounds from plant extracts (aqueous extracts of wormwood leaves and stems). In the case of the WL 25-2 sample, one can observe an exothermic effect at 507.7 °C, accompanied by a weight loss of 13.68%. This phenomenon could be attributed to the maghemite–hematite transformation as well as to the conversion of one or more aromatic amino-acids and/or carbohydrates from the wormwood leaf aqueous extract into various secondary metabolites. In the case of the WS 80-2 sample, the small exothermic effect at 666.7 °C, accompanied by a low mass loss of 0.92%, is assigned to the oxidation of the carbon content present in the sample, from the organic phytocompounds.



The thermal behavior of the magnetic nanoparticles gives additional information regarding the mass change with temperature and their stability as a function of temperature. Regarding the thermogravimetric curves of all magnetic nanoparticles prepared, the mass loss consists of three stages, from which the first weight loss up to 150 °C is attributed to nanoparticle water surface loss and/or other unstable bioactive compounds [77]. In all cases, it can be observed that the total mass loss decreases with the increase in synthesis temperature. The highest weight loss up to 500 °C takes place in the second stage, accompanied by various exothermic effects, attributed to the decomposition/degradation of aromatic amino-acids and/or carbohydrates from the wormwood leaf aqueous extract, into various secondary metabolites. The physicochemical profile of a Romanian wormwood extract was established and reported by our research group [56]. Therefore, the exothermic effect observed after 600 °C (WS 80-2) (Figure 4H), attributed to the carbon oxidation from organic biomolecules and the total weight loss recorded in all the samples, confirms the fact that the formed iron oxide magnetic nanoparticles have biologically active compounds from the plant extract, either on their surface or in their pores [78].




2.2.3. Electron Microscopy Characterization


In Figure 5 and Figure 6 are depicted the SEM representative images of the magnetic nanoparticles obtained via the green chemistry approach, starting from both the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C and 80 °C, and using either a mixture of NaOH and NH3(aq) (Figure 5) or only NH3(aq) (Figure 6), respectively. The morphology of the synthesized magnetic nanoparticles was almost similar in all cases, regardless of the reaction medium temperature and/or precipitation agent used. At first glance, one can observe that the magnetic sample obtained when the precipitation agent used was NH3(aq) appears more porous (Figure 6). This aspect could be due to the amount of capping compounds from the plant extract.



In addition, the SEM images show nanoparticles of phase uniformity with a very similar spherical shape and particle size in the range of 1–10 nm. A slight agglomeration can be observed in all cases, but this could be due to the large surface area to volume ratio and bridge interactions among organic molecules adsorbed on the nanoparticles.



Figure 7 and Figure 8 provide information regarding the chemical composition of each prepared sample by the green chemistry approach. EDX analysis revealed iron and oxygen as major components, which confirmed the formation of Fe3O4 nanoparticles. The excess presence of carbon in all samples is due to the tape used as the grid support for the immobilization of the magnetic particles as well as to the residual organic compounds from plant extracts. Besides carbon, one can observe other chemical elements (chlorine—Cl, calcium—Ca, and silicon—Si) present in a neglected total weight percent, which most likely come from the growing soil of the plant. Cl appears only for the samples prepared at 25 °C, regardless of the precipitation agent used or the plant’s organ from which the extract was obtained. One can say that this element could also come from unreacted metal salt (FeCl3). Nonetheless, these elements can be neglected because their total weight percentages are in very small quantities.



One aspect worth highlighting is the total weight percentage (wt%) of Fe. One can observe that, regarding the magnetic nanoparticles formed from the aqueous extracts of wormwood leaves and stems precipitated with a mixture of NaOH and NH3(aq) aqueous solutions, the wt% of Fe decreases with the increase in temperature, from 25 °C (36.6%) to 80 °C (25.8%) (Figure 7). The same phenomenon occurred when the wormwood aqueous extract based on stems was precipitated only with NH3(aq) (Figure 8F,H). Instead, in the case of the wormwood aqueous extract based on leaf, precipitated only with NH3(aq), increasing the temperature in the reaction medium had no effect on the change in the total weight percentage of iron (Figure 8E,G). The EDX spectra recorded the presence of iron peaks in three different areas, at approximately 0.8, 6.2, and 7.0 keV.



Figure 9 and Figure 10 depict the TEM images of the synthesized magnetic nanoparticles by the green chemistry approach, starting from two wormwood aqueous extracts based on leaves and stems. The results confirm the almost spherical shape and the formation of Fe3O4 at nanometric scale (particles size under 10 nm), by a simple and economic approach. Regarding the nanoparticles formed by using NH3(aq) as the precipitation agent (Figure 10), one can observe that the nanoparticles were more agglomerated (especially when the synthesis occurs at 25 °C), which is probably due to the phytocompounds presents in the wormwood aqueous extract, especially the hydroxyl groups (polyphenols). The particle sizes determined by TEM analysis are in agreement with the calculated crystallites sizes (Figure 1 and Figure 2) from the Debye–Sherrer Equation (3), meaning that all the samples are composed of uniformly single crystals.



Morphological characterization and sizing of the synthesized magnetic nanoparticles were carried out through SEM and TEM analysis. The SEM and TEM images (Figure 5, Figure 6, Figure 9 and Figure 10) revealed that the magnetic nanoparticles prepared are of phase uniformity, with an almost spherical shape and particle size under 10 nm. Our results are similar to those reported in the literature [70,71,79,80,81]. Due to nanoparticle stacking on the grid, the TEM images are too blurred to be used for granulometry. Therefore, the SEM images were used for granulometry. Using ImageJ (https://imagej.nih.gov/ij/index.html, accessed on 19 October 2022), more than 200 nanoparticles were measured from each sample. Nanoparticle mean diameter and standard deviation are presented in Table 2. Generally, the polyphenols contained in the plant extract are responsible for the formation of the crystalline phase, very similar to the Fe3O4 structure. The high concentration of polyphenols in the plant extract is also responsible for obtaining nanoparticles with a narrow size [62]. However, it is very likely that, at the same time, an increased amount of the plant extract used can lead to the abundant presence of bioactive compounds (polyphenols), which leads to oxidation of the surface of the formed nanoparticles (due to additional water molecules), in addition to covering them, thus forming Fe3O4—γ-Fe2O3 [62].



By corroborating the morphological aspects (Figure 10) with the nanoparticles’ narrow size given by SEM, it is possible that the use of the NH3(aq) aqueous solution does not precipitate enough nanoparticles, and hence very small nanoparticles are obtained. Another explanation could be related to the growth time of nuclei as well as the variation in the composition and concentration of the bioactive molecules contained in different plants’ organs and the subsequent interaction of these biomolecules with metal ions from the aqueous solution. It is believed that the latter is the main parameter that strongly influences the obtaining of nanoparticles with different sizes and shapes [82]. It was showed that a higher amount of bioactive compounds in a plant extract led to the decrease in particle size [83]. In addition, the formation of nanoparticles is proportional to their dimensions, i.e., the faster the nanoparticle formation is, the smaller the nanoparticles obtained [84].



The agglomeration of the nanoparticles depends on many factors being a determined parameter for size and shape of the resulted nanoparticles. According to Cruz et al., regarding the synthesis of nanoparticles from a plant extract, the increasing of reaction temperature is accompanied by an increase in the efficiency of the metal ion reduction [85]. In addition, it was suggested that the H-bonding present in various bioactive reducing agents from leaf plant extracts could be the reason for the nanoparticle agglomeration [86]. This aspect is in agreement with our results from EDX, in which it was showed that the iron total weight percent decreases with the temperature increase (Figure 7 and Figure 8) as well as with SEM/TEM images (Figure 5, Figure 6, Figure 9 and Figure 10).




2.2.4. Magnetic Investigations


The iron oxide nanoparticles’ magnetic properties were investigated in the DC magnetic field by means of vibrating sample magnetometry (VSM) and in the high-frequency AC magnetic field by means of induction heating experiments.



The DC hysteresis and initial magnetization curves of the iron oxide nanoparticles were measured by means of VSM at room temperature in the 0–1000 kA/m magnetic field intensity range. The initial magnetization curves of the iron oxide nanoparticles are shown in Figure 11A, together with the theoretical fits with a theoretical model for the dense dispersions of superparamagnetic nanoparticles (see Section 3.3). The fit R2 was better than 0.999 for all samples, which proves the superparamagnetic nature of the as-obtained magnetic nanoparticles. Table 2 summarizes the nanoparticles’ magnetic properties: saturation magnetization (Msat), remanent magnetization (Mr), coercive field (Hc), and magnetic diameter (Dm).



The AC magnetic field amplitude (H0) dependence of the samples’ magnetic specific absorption rate (SAR) is presented in Figure 11B. The samples’ maximum SAR at H0 = 1 kA/m is tabulated in Table 2.



For further analysis purposes, Table 3 shows the Pearson correlation coefficient matrix of SAR, Msat, Dm, DSEM, and DXRD.



The magnetic diameter of the nanoparticles, Dm, is the main characteristic that deter-mines their magnetic properties, both DC and AC. The magnetic diameter is smaller than the physical diameter, DSEM, due to the dead magnetic layer at the surface of the magnetic nanoparticles. The dead magnetic layer is caused by the loss of spin correlations at the surface [87] and the oxidation and chemical interactions with surface adsorbed molecules [88]. As one can see from Table 3, the samples’ magnetic diameter is fairly well correlated with the saturation magnetization and SEM-diameter, and is even better correlated with the XRD diameter. At both synthesis temperatures, nanoparticles synthesized in the presence of stem extract (WS) have a larger diameter and saturation magnetization than nanoparticles synthesized in the presence of leaf extract (WL) (Table 2).



The DC hysteresis curves reveal negligible remanence magnetization, Mr, and coercive field, Hc, in all samples. This is consistent with the low values of the nanoparticles’ diameter found from SEM, XRD, and magnetogranulometry. The DC first magnetization curves reveal the iron oxide nanoparticles’ clustering with respect to the saturation magnetization (Figure 11A). The synthesis at 80 °C leads to almost double saturation magnetization compared with the 25 °C temperature synthesis. Except for the WL 80 samples, the addition of NaOH mixed with NH3(aq) as the precipitation agent increases the saturation magnetization, especially when the synthesis take place at 25 °C.



The AC magnetic heating experiments show that, except for WL 25-2 (the sample with the smallest diameter and saturation magnetization), which has zero SAR, all samples show a quasi-quadratic dependence on H0. As with saturation magnetization, SAR is stronger in samples where NaOH mixed with NH3(aq) was added as the precipitation agents and stem extract (WS) was used. However, unlike the saturation magnetization, SAR reveals a different clustering among the samples with respect to temperature: WS 25 is close to WS 80, and both have the greatest SAR efficiency. WS 25 has the largest magnetic diameter (5.8 nm) among the samples synthesized at 25 °C, comparable to that of the samples synthesized at 80 °C, but most likely the nanoparticles are covered with a nonmagnetic thick layer because its saturation magnetization is approximately half of WS 80. The nonmagnetic layer makes Dm rather than Msat a better predictor for SAR, as can be seen in Table 3 and Figure 12. This is due to the fact that two samples with the same saturation magnetization can differ with respect to the weight of small and large particles. Due to the nonlinear dependence of SAR on nanoparticle volume, the sample with predominantly fewer but larger particles will have a greater SAR than the sample with predominantly more numerous but smaller particles.






3. Materials and Methods


3.1. Materials


Iron (III) chloride hexahydrate (FeCl3·6H2O) and iron (II) sulphate heptahydrate (FeSO4·7H2O) were purchased from Merck, Darmstadt, Germany, as an analytical grade reagent and used without any further purification. Sodium hydroxide (NaOH) pellets and ammonium hydroxide (NH3(aq) 25%) were acquired from Chemical Company SA, Iasi, Romania. All the solutions were prepared using ultrapure water from the Milli-Q® Integral Water Purification System (Merck Millipore, Darmstadt, Germany).




3.2. Preparation of Wormwood Aqueous Extract and Iron Oxide Nanoparticle Synthesis via the Green Chemistry Approach


The aqueous extract from the leaf and stems of wormwood (Artemisia absinthium L.) was obtained according to the protocol described in our previously reported study [89]. Regarding the iron oxide nanoparticle synthesis via the green chemistry approach, it followed the protocol described by Abdullah et al. [47], with some modifications. Briefly, 50 mL aqueous solution of iron (III) chloride hexahydrate and iron (II) sulphate heptahydrate in a molar ratio of 2.7 were mixed homogeneously in 50 mL of aqueous solution of wormwood extract (W), leaves (WL), and stems (WS), of 10 mg/mL, under magnetic stirring at various temperatures. Then, in some samples, a mixture of NaOH 1M and NH3(aq) 25% (12.5 mL/each) was added drop wise to the metal precursor solution and plant extract. In the others, only NH3(aq) 25% (25 mL) was added under continuous stirring, to ensure homogenous reaction. The whole mixture was stirred for 2 h at various temperatures. After cooling, the dark precipitate, obtained by magnetic separation, was washed three time with distilled water (200 mL/each wash) at room temperature; the nanoparticles were then dried in an air oven (POL-EKO Aparatura, Wodzisław Slaski, Poland) for several hours, at 70 °C. The samples are briefly detailed in Table 1 in the Results and Discussion section. Figure 13 exhibits the schematic representation, which demonstrates the possible interaction between Fe3O4 nanoparticles and bioactive compounds from leaf and stem aqueous wormwood extracts.




3.3. Physicochemical Characterization of Iron Oxide Nanoparticles


The synthesized iron oxide nanoparticles were characterized by different types of instruments. The phase composition of the nanoparticles was investigated using a Rigaku Ultima IV instrument (Rigaku Corporation, Tokyo, Japan), with CuKα radiation λ = 0.15406 nm at a voltage of 40 kV and a current of 40 mA. In order to investigate the crystalline nature of the nanoparticles, the scanning was performed at room temperature in the angular range of 10 to 80 °C, with a scan rate of 10°/minute. The crystallite size of the nanoparticles was calculated using the Debye–Scherer equation and the most intense peak (311):


   D  X R D     =     0.9   ⋅   λ   β   ⋅   cos θ    



(3)




where DXRD is the nanoparticles crystallite size (nm), λ is the radiation wavelength (nm), β is the full width at half of the maximum (radians), and θ is the Bragg angle (degree).



The following PDF files were used for the peak assignment: 391,346 (γ-Fe2O3) and 190,629 (Fe3O4), specific for maghemite and magnetite, from the International Centre for Diffraction Data Powder Diffraction File.



The stability of the nanoparticles was assessed by thermal analysis. The thermogravimetric (TG) and differential scanning calorimetry (DSC) data were obtained using the Netzsch STA 449 °C apparatus (Selb, Netzsch-Gerätebau GmbH, Germany), operating at temperatures ranging from 25 to 700 °C, at a heating rate of 10 °C/min., under an artificial air flow of 20 mL/min.



Cold field emission-scanning electron microscopy (SEM) was employed to observe the surface morphologies of the nanoparticles obtained. The nanoparticles, which were mounted on copper stubs as grid supports and sputter-coated with carbon, were exanimated by SEM using the Hitachi SU8230 cold field emission gun STEM (Chiyoda, Tokyo, Japan) microscope, operating at an acceleration voltage of 30 kV in high-vacuum mode. The energy dispersive X-ray spectrometry (EDX) detector X-MaxN 80 (Oxford Instruments, Bristol, UK) was coupled to the microscope in order to perform the elemental analysis of the nanoparticles.



The size, shape, and morphology of nanoparticles were observed by transmission electron microscopy (TEM), using a Hitachi HD2700 cold field emission gun STEM (Chiyoda, Tokyo, Japan), equipped with two windowless EDX detectors (X-MaxN 100).



The magnetic properties of the nanoparticles were investigated by means of vibrating sample magnetometry (VSM) using a VSM 880 magnetometer (ADE Technologies, West-wood, MA, USA). Initial magnetization and hysteresis curves were measured at room temperature and external magnetic field in the range of 0–1000 kA/m. The initial magnetization curves were fitted with a theoretical model in order to determine the sample’s magnetic nanoparticle statistics (i.e., magnetogranulometry). Details on the magnetogran-ulometry method can be found in [90]. The hysteresis curves were used to determine the magnetic nanoparticles’ saturation magnetization (Msat), remanent magnetization (Mr), and coercive field (Hc).




3.4. AC Magnetic Heating Efficiency of the Iron Oxide Nanoparticles


The heating efficiency of the magnetic nanoparticles was investigated via the specific absorption rate (SAR), using the standard procedure [91]. A commercially available induction heater was used (Figure 14), with magnetic field amplitude (H0) in the range of 4–13 kA/m and 100 kHz frequency. A flat styrofoam sample holder contained in a 25 mm diameter PVC tube was axially mounted in the induction coil. The heat conduction coefficient of styrofoam (0.033 W/m/K) is very close to air (0.026 W/m/K at room temperature) [92]. The magnetic nanoparticles were pressed into cylindrical 5 mm diameter and ~1 mm height pellets. The pellets were placed in the middle of the induction coil, on the styrofoam sample holder. The magnetic field amplitude at the sample position was measured using a coil sensor. The pellet temperature (T) was measured with a Teledyne FLIR A40 thermal camera (Wilsonville, OR, USA) (Figure 14) during the heating process.



In Figure 15 are presented a print screen of the camera computer interface with the thermal image captured by the camera with sample and sample holder (ambient) measuring points (the top-left panel), as well as the time evolution of the measured temperatures (bottom panel: sample temperature in red and sample holder temperature in blue). The temperature increase rate (dT/dt) was determined by means of linear fitting of the T(t) data in the adiabatic regime, i.e., immediately after the AC field onset, before approximately 1 °C temperature increase (Figure 15, top-right panel).





4. Conclusions


In the present study, a simple and cost-effective green chemistry approach of magnetic nanoparticles with an average particle size under 10 nm is reported for the first time, starting from two aqueous extracts of wormwood, based on leaf and stem, respectively. In the plant-mediated green synthesis, the effect of precipitation agent was investigated, as was the reaction temperature, on both the fabrication of magnetic nanoparticles and on their heat generation under an external high-frequency alternating magnetic field. The nature of the precipitation agent used in the reaction synthesis and reaction temperature were varied, while the other participant components were kept constant, i.e., the amount and nature of the plant extract, the amount and molar ratio of Fe3+:Fe2+, and the volume ratio of metal precursor solution to plant extract. The magnetic investigations of the samples revealed that the synthesis at 80 °C using a mixture of NaOH and NH3(aq) as precipitation agents leads to larger magnetic nanoparticles and implicitly more effective AC magnetic heating agents. Further research is needed in order to optimize the synthesis procedure, with the aim of increasing the nanoparticles’ magnetic diameter and implicitly the AC magnetic heating efficiency, due to the fact that the practical applications of nanoparticles in hyperthermia are limited by their sizes. Nevertheless, we believe that this research opens new methods regarding the synthesis conditions taken into account for the preparation of biocompatible and highly stable magnetic nanoparticles via a plant-mediated green chemistry approach.
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Figure 1. XRD pattern of the iron oxide nanoparticles obtained from wormwood leaves (WL) and stems (WS) aqueous extracts, at 25 °C and 80 °C, using NaOH and NH3(aq) as precipitation agents. 
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Figure 2. XRD pattern of the iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C and 80 °C, using NH3(aq) as the precipitation agent. 
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Figure 3. TG−DSC/DTG curves of iron oxide nanoparticles obtained from aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (A,B) and 80 °C (C,D), via the green chemistry approach, using NaOH and NH3(aq) as the precipitation agents. 
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[image: Magnetochemistry 08 00145 g003]







[image: Magnetochemistry 08 00145 g004 550] 





Figure 4. TG−DSC/DTG curves of iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (E,F) and 80 °C (G,H), via the green chemistry approach, using NH3(aq) as the precipitation agent. 
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Figure 5. SEM images of magnetic iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (A,B) and 80 °C (C,D), via the green chemistry approach, using NaOH and NH3(aq) as the precipitation agents. 






Figure 5. SEM images of magnetic iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (A,B) and 80 °C (C,D), via the green chemistry approach, using NaOH and NH3(aq) as the precipitation agents.



[image: Magnetochemistry 08 00145 g005]







[image: Magnetochemistry 08 00145 g006 550] 





Figure 6. SEM images of magnetic iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (E,F) and 80 °C (G,H), via the green chemistry approach, using NH3(aq) as the precipitating agent. 
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Figure 7. EDX spectra of magnetic iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (A,B) and 80 °C (C,D), via the green chemistry approach, using NaOH and NH3(aq) as the precipitation agents. 
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Figure 8. EDX spectra of magnetic iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (E,F) and 80 °C (G,H), via the green chemistry approach, using NH3(aq) as the precipitation agent. 
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Figure 9. TEM images of magnetic iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (A,B) and 80 °C (C,D), via the green chemistry approach, using NaOH and NH3(aq) as the precipitation agents. 
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Figure 10. TEM images of magnetic iron oxide nanoparticles obtained from the aqueous extracts of wormwood leaves (WL) and stems (WS), at 25 °C (E,F) and 80 °C (G,H), via the green chemistry approach, using NH3(aq) as the precipitation agent. 
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Figure 11. (A) First magnetization curves of the samples; (B) Samples’ SAR dependence on the AC magnetic field amplitude H0. 
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Figure 12. SAR correlation with (A) Msat and (B) Dm and DXRD. 
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Figure 13. Possible mechanism of Fe3O4 nanoparticles synthesis via the green chemistry approach. 
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Figure 14. AC magnetic heating setup. 
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Figure 15. Camera computer interface thermal image (top−left panel) and temperature time evolution (bottom panel), and temperature increase rate determination (top−right panel). 
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Table 1. Description of the synthesis conditions used for the preparation of iron oxide nanoparticles.
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Nanoparticles

Denomination

	
Reaction Synthesis Characteristics

	
PrecipitationAgent

	
Observations






	
WL 25

	
Fe3+:Fe2+ = 2.7

10 mg/mL wormwood aqueous extract

Volume ratio of metal precursor solution: plant extract = 1:1

Reaction medium temperature = 25 °C

	
NaOH 1M + NH3(aq) 25%

	
wormwood aqueous leaf extract




	
WS 25

	
wormwood aqueous stems extract




	
WL 80

	
Fe3+:Fe2+ = 2.7

10 mg/mL wormwood aqueous extract

Volume ratio of metal precursor solution: plant extract = 1:1

Reaction medium temperature = 80 °C

	
wormwood aqueous leaf extract




	
WS 80

	
wormwood aqueous stems extract




	
WL 25-2

	
Fe3+:Fe2+ = 2.7

10 mg/mL wormwood aqueous extract

Volume ratio of metal precursor solution: plant extract = 1:1

Reaction medium temperature = 25 °C

	
NH3(aq) 25%

	
wormwood aqueous leaf extract




	
WS 25-2

	
wormwood aqueous stems extract




	
WL 80-2

	
Fe3+:Fe2+ = 2.7

10 mg/mL wormwood aqueous extract

Volume ratio of metal precursor solution: plant extract = 1:1

Reaction medium temperature = 80 °C

	
wormwood aqueous leaf extract




	
WS 80-2

	
wormwood aqueous stems extract
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Table 2. Magnetic characteristics of the samples.
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	No.
	Sample Denomination
	Msat@1MA/m

(Am2/kg)
	Mr/Msat

(-)
	Hc

(kA/m)
	Dm

(nm)
	DSEM

(nm)
	DXRD

(nm)
	SARmax

(W/kg)





	1
	WL 25
	20.4
	0.98 × 10−3
	0.013
	1.2 ±. 1.0
	4.3 ± 0.8
	3
	439



	2
	WS 25
	41.9
	1.12 × 10−3
	0.038
	5.8 ± 2.2
	6.5 ± 2.1
	7
	880



	3
	WL 80
	45.9
	0.22 × 10−3
	0.015
	5.3 ± 2.2
	7.6 ± 2.9
	7
	650



	4
	WS 80
	61.4
	3.58 × 10−3
	0.125
	6.9 ± 1.8
	9.1 ± 2.9
	9
	904



	5
	WL 25-2
	9.9
	0
	0
	0.3 ± 0.2
	3.5 ± 0.8
	1
	0



	6
	WS 25-2
	36.7
	19.1 × 10−3
	0.800
	3.2 ± 2.0
	6.1 ± 1.8
	5
	253



	7
	WL 80-2
	53.4
	1.31 × 10−3
	0.100
	4.2 ± 2.0
	4.8 ± 1.3
	5
	473



	8
	WS 80-2
	61.9
	0.48 × 10−3
	0.018
	5.2 ± 1.9
	7.5 ± 2.5
	7
	520
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Table 3. Pearson correlation coefficient matrix of SAR, Msat, Dm, DSEM, and DXRD.
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	SAR
	Msat
	Dm
	DSEM
	DXRD





	SAR
	1
	0.687
	0.878
	0.761
	0.878



	Msat
	0.687
	1
	0.902
	0.808
	0.892



	Dm
	0.878
	0.902
	1
	0.902
	0.983



	DSEM
	0.761
	0.808
	0.902
	1
	0.952



	DXRD
	0.878
	0.892
	0.983
	0.952
	1
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