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HIGHLIGHTS 14 

Different organisms were used to study the toxicity of MnAl permanent magnets. 15 

MnAl based magnets induced oxidative stress on A549 cells at short exposure times. 16 

MnAl based magnets significantly affected yeast viability at 160 mg/L. 17 

MnAl leachates showed to be safe for the organisms exposed. 18 

Overall, MnAl(C) magnets showed a similar biological impact to that of a Nd magnet. 19 

 20 
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Abstract 21 

Due to economic, environmental and geopolitical issues, the development of permanent 22 

magnets with a composition free of rare earth elements and with acceptable magnetic 23 

properties has been considered a priority by the international community, being MnAl based 24 

alloys amongst the most promising candidates. The aim of this work was to evaluate the 25 

toxicity of powders of two forms of newly developed MnAl(C) permanent magnets through 26 

exposure experiments applying three model organisms, using as a benchmark powders of a 27 

commercial rare-earth-containing magnet (Nd
2
Fe

14
B). For this purpose, the direct exposure to 28 

the different particles suspensions as well as to magnets leachates was evaluated. Both 29 

viability and oxidative stress assays were applied in an adenocarcinomic human alveolar basal 30 

epithelial cell line (A549) and in the yeast Saccharomyces cerevisiae, together with the 31 

bioluminescent inhibition assay in the Gram negative bacterium Vibrio fischeri. The obtained 32 

results indicate that MnAl(C) permanent magnets, in general terms, presented similar toxicity 33 

than the Nd magnet for the selected biological models under the studied conditions. Overall, 34 

the presented data provide, for the first time, an in vitro toxicity analysis of MnAl based 35 

magnets. 36 

Graphical Abstract 37 

   38 
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1. Introduction 41 

Due to their vital role in several critical technologies, permanent magnets have become 42 

indispensable in modern world, being applied in different fields such as communications or the 43 

fabrication of motors, generators and medical equipment (Coey, 2010; Faiz et al., 2017; 44 

Gutfleisch et al., 2011; Lewis and Jiménez-Villacorta, 2013). The unique physico-chemical 45 

properties that rare earths present, as well as their exceptional magnetic characteristics, make 46 

them the most frequently used elements in the manufacturing of permanent magnets and, 47 

among them, particularly the neodymium. Thus, the NdFeB magnets, a neodymium, iron and 48 

boron alloy, is the strongest permanent magnet known, presenting exceptional characteristics 49 

such as its superior induction and coercive force (Brown, 2016), which make them very 50 

demanded and preferred for a variety of applications ranging from the automotive sector 51 

(Nguyen et al., 2019) to dentistry (Hahn et al., 2008; Mancini et al., 1999). 52 

However, in spite of the excellent properties exhibited for their use in the fabrication of 53 

permanent magnets, the difficulties associated to the obtainment of rare earth elements in 54 

the market, such as their high cost and their scarcity, have led the scientific community to 55 

invest great efforts in the development of new alternatives composed of rare-earth-free 56 

materials. These factors, combined with the looming shortage of their availability and the 57 

environmental impact that their extraction involves (Lee and Wen, 2017) have prompted the 58 

search for new candidates with acceptable characteristics, suitable to be introduced into 59 

permanent magnets manufacturing processes. Mn-based alloys are among the best alternative 60 

candidates to be used as neodymium magnets substitutes, with potential to reach the market 61 

(Patel et al., 2018). Many studies have been conducted in these materials, revealing MnAl 62 
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alloys as those with most outstanding characteristics. Firstly reported by Kōno (Kōno, 1958) 63 

and Koch et al. (Koch et al., 1960), the low cost of this alloy, along with its superior 64 

characteristics, such as its high modulus of elasticity, or the large anisotropy observed in the 65 

L10 phase (also known as τ-MnAl) (Patel et al., 2018), makes it one of the most promising 66 

alternatives to the currently commercialized permanent magnet compositions. 67 

Toxicological studies are essential to determine the human and environmental risk of new 68 

materials before they can enter the market. In vitro test systems use simple biological models 69 

that bypass ethical concerns, presenting additional advantages, since the approaches used are 70 

cost-effective and easy to apply, allowing a great control over the variables under study. These 71 

approaches are in line with the replacement, reduction, and refinement of animal testing (3Rs) 72 

policies (Russell W. M. and Burch, 1959), one of the basis of the good laboratory practices, and 73 

have been applied before to assess the toxicological potential of different materials, such as 74 

nanoparticles or metal alloys using different model organisms (Dalal et al., 2012; Lanone et al., 75 

2009; Wu et al., 2019; Yang et al., 2018; Yu et al., 2017). With regards to rare-earth-containing 76 

permanent magnets, despite their widespread use, to our knowledge there are only few 77 

studies focusing on the toxicity of the metal alloys used in these materials. Although the 78 

effects of rare earths have been addressed in several works (Rim et al., 2013), the impact of 79 

these alloys on health remains unclear, and was their use in dentistry which made the 80 

appearance of some studies where their toxicity was assessed. The toxicity of SmCo and/or 81 

Nd
2
Fe

14
B alloys, both the most widely used magnetic alloys in dentistry, as well as of leachable 82 

products derived from their corrosion, was described in different works, where the results and 83 

conclusions reached by them are apparently opposite (Bondemark et al., 1994; Donohue et al., 84 

1995; Hopp et al., 2003; Rogero et al., 2003). This underlines the importance of carrying out 85 

toxicological analysis using different models to characterize and clarify the safety of these 86 

materials. 87 
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The use of metallic powders in several industrial applications may have negative consequences 88 

derived from the handling and the subsequent management of the powder used and the 89 

wastes generated, since small particles can involve serious risks to human health and the 90 

environment (Arrizubieta et al., 2020). Moreover, as a result of their deterioration, metals can 91 

release several substances such as metal ions to the surrounding environment. In the specific 92 

case of the magnets, some authors suggested that  the corrosion products of NdFeTi magnets 93 

can involve a negative effect on the viability of fibroblasts (Donohue et al., 1995). On the other 94 

hand, metallic ions may represent an important environmental impact (Vardhan et al., 2019), 95 

being the contamination of water with heavy metal ions one of the most serious problems, 96 

even when these particles are present at low trace levels. This, together with the rapid 97 

development of industries such as the additive manufacturing or the metal plating facilities, 98 

which can lead to an increase in the amount of metal residues or metals discharge in the 99 

environment, make the availability of information about the safety of these materials crucial. 100 

 With the aim to provide new knowledge related to the possible hazard of MnAl based 101 

magnets, the toxicological potential of powders of two types of newly developed MnAl(C) 102 

demagnetized magnets, as well as their leachates, was analyzed in this work performing 103 

different in vitro assays in three model organisms that were selected as representatives of 104 

human (A549 cell line) and environmental exposures (S. cerevisiae and V. fischeri). A 105 

commercial Nd demagnetized magnet was used as benchmark to establish reference toxicity 106 

values in the conditions of study. The effects of different concentrations of the materials and 107 

their leachable products on the viability of A549 cells and the yeast Saccharomyces cerevisiae 108 

were assessed, as well as the oxidative stress caused in both organisms. In addition, the 109 

potential toxicity of the magnet leachates was analyzed through the bioluminescent inhibition 110 

assay using the Gram negative bacterium Vibrio fischeri. All together, the results obtained 111 

provide a preliminary in vitro toxicity evaluation of MnAl based magnets.  112 
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2. Materials and Methods 113 

2.1 Synthesis and description of the magnets 114 

All the materials used in this study were used demagnetized. In table 1, their crystal structure 115 

and their suppliers are specified.  116 

Samples Crystal structure Supplier 

Nd
2
Fe

14
B P4

2
/mnm, space group 136 

Vacuumschmelze GmbH & 

Co. KG 

MnAl(C) S1 P4/mmm, τ-phase, space group 123 
Technischen Universität 

Darmstadt 

MnAl(C) S2 P4/mmm, τ-phase, space group 123 
Technion – Israel Institute 

of Technology 

Table 1: Composition, crystal structure and suppliers of the materials used in this study. 117 

For the preparation of MnAl(C) S1 samples, Mn53.3Al45C1.7 alloy ingots were prepared by arc 118 

melting pure Mn, Al and C under argon atmosphere for 5 times to ensure homogeneity. 3 wt.% 119 

of Mn in excess was added to compensate evaporation during melting. The ingot was annealed 120 

at 1373 K for 24 h and then quenched in water to eliminate the non-magnetic γ2 and β phases. 121 

The ingot was then pulverized and milled in a planetary ball mill at a rotation speed of 250 rpm 122 

with a powder to ball mass ratio of 1:10. 10mm hardened steel balls were used and milling 123 

time was varied from 2-12 h. Ethanol was used as the milling media. The as-milled powders 124 

were used in the experiments. 125 

MnAl(C) S2 samples were produced using the ball-milled powder by additive manufacturing 126 

(Radulov et al., 2019). The bulk ingot of Mn53Al47 composition was produced using vacuum 127 

induction melting of pure Mn and Al under a protective argon atmosphere. The as-cast bulk 128 

Mn-Al ingot with addition of pure Carbon powder was ball-milled by crashing it into 2–5 mm 129 

chips. After sieving, the ball-milled powder had a fraction size below 100 μm according to 130 

requirements to the EBM process. Cubic 10x10x10 mm MnAl(C) samples were additively 131 
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manufactured from the powder using the GE-Arcam EBM A2 machine (Radulov et al., 2019) 132 

modified for small amounts of powder. Finally, samples were smashed in a mortar further to 133 

obtain uniform powder, which was used in the experiments. 134 

As reference, a commercial Nd magnet (Nd2Fe14B) from Vacuumschmelze GmbH & Co. 135 

KG(VACODYM 238 TP) was used. Previous to study its toxicological potential in the selected 136 

biological models, a piece of the magnet was smashed in a mortar as explained above with 137 

MnAl(C) S2 magnet. 138 

2.2 Sample preparation 139 

Previous to perform the experiments, powders of the different materials were resuspended in 140 

water to prepare stocks at 10 mg/mL. Before being used in the different direct contact tests, 141 

samples were vortexed at full speed for 1 min and then placed in an ultrasonic bath and 142 

sonicated for 20 min at low power intensity. Finally, an additional vortex step just before 143 

adding the materials to the organisms was performed. To carry out the toxicity assays using 144 

the leachates, the samples were prepared as follows: powders of the different magnets were 145 

resuspended in water at 10 mg/mL, and stored for 3 months at 4 °C. After this time, samples 146 

were centrifuged (1600 rpm, 10 min), and the supernatants containing magnet leachates free 147 

of powders were recovered and filtered using 0,22 µM filters to be used in the experiments. 148 

Model organisms were exposed to leachate dilutions equivalent to the same concentrations of 149 

the materials used in the direct contact tests. 150 

2.3 XPS Analysis 151 

X-ray photoelectron spectroscopy (XPS) was done by the SGIker unit at the University of the 152 

Basque Country (UPV/EHU), using a SPECS system equipped with a Phoibos 150 on powders 153 

deposited into glass slides. 154 

 155 

Jo
urn

al 
Pre-

pro
of



8 

 

2.4 ICP-MS 156 

Filtered powder-free water samples containing the leachates that were obtained from magnet 157 

powders suspensions (10 mg/mL) as previously described (Section 2.2; Sample preparation) 158 

where analyzed by inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent 159 

8900 ICP-QQQ instrument at the University of Burgos. For data acquisition, 5 replicates were 160 

used. 161 

2.5 SEM analysis 162 

The morphology and the size of the powders particles were analyzed by Scanning Electron 163 

Microscopy. A small quantity of each magnet powder was directly examined using JEOL JSM-164 

6460LV at the Microscopy Facility of the University of Burgos. 165 

2.6 AFM analysis 166 

The nano-sized fraction of the magnet particles was analyzed by Atomic Force Microscopy at 167 

the Microscopy Unit from the University of Valladolid. In brief, 10 µL from an aqueous solution 168 

of the powders, obtained excluding the biggest particles, were acquired on a mica surface to 169 

prepare samples by droplet evaporation. Images were recorded in AC mode (tapping mode) 170 

with a MFP3D-BIO instrument from Asylum Research (Oxford Instruments) using silicon 171 

cantilevers AC160TS-R3. AR 16.10.208 and Gwyddion 2.56 software were utilized for all the 172 

images processing. 173 

2.7 Organisms and culture conditions 174 

A549 lung cancer cell line was cultured in commercial Dulbecco’s Modified Eagle’s Medium 175 

(DMEM) supplemented with 10% (v/v) foetal bovine serum (FBS) and 100 U/mL penicillin and 176 

100 mg/L streptomycin. Cells were kept in a thermostatic incubator in saturated humid air 177 

with 5% CO2 at 37 °C. 178 
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Saccharomyces cerevisiae was maintained in YPD (Yeast Extract (1%) - Peptone (1%) – Dextrose 179 

(2%)) broth or agar at 30 °C. 180 

The Gram negative bacterium V. fischeri NRRL B-11177 was maintained at room temperature 181 

in culture Marine Broth or Agar 2216 (BD Difco
TM

). 182 

2.8 Toxicology assays 183 

2.8.1 Experiments using A549 cell line 184 

Viability assay: The viability of A549 cell line after 24 h of exposure to the different magnet 185 

suspensions was determined by using the neutral red uptake assay. Cells were seeded in 96 186 

well plates at 3 × 10
4
 cells per well. Twenty-four hours after seeding, cells were washed once 187 

with Dulbecco's Phosphate-Buffered Saline (DPBS), and 200 μl of different concentrations of 188 

the materials resuspended in fresh medium supplemented with 1% of FCS (treatment media) 189 

were added to each well, including the controls. Treatment medium consisted in DMEM with 190 

low percentage of FCS and without antibiotics, which was used to avoid interactions between 191 

these components and the materials that could interfere in the results. With the aim to cover a 192 

huge range of concentrations, 160 mg/L was selected as the highest dose to be tested, 193 

together with two serial 1:5 dilutions (32 mg/L and 6.4 mg/L). Cells were incubated for 24 h 194 

with treatment medium alone (control cells) or in presence of magnets. Cells treated 5 min 195 

with formaldehyde 4% and cells incubated 24 h in water were used as controls for cell death in 196 

the experiments. After exposure, cell culture medium was discarded, and wells were washed 197 

with DPBS. Cells were then incubated for 2.5 h at 37 °C with 100 μl of neutral red solution. This 198 

solution was prepared as follows: Neutral red powder was suspended at 4 mg/mL in DPBS, 199 

further diluted at 1/100 in treatment media, and incubated in the dark for 24 h at 37 °C before 200 

use. At that time, the solution was centrifuged to remove debris from neutral red powder. 201 

After 2.5 hour incubation, neutral red solution was discarded, cells were washed once with 202 

DPBS and fixed with formaldehyde 4% for 2 min. Cells were washed again with DPBS and 150 203 
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μl of a dye release solution (50% ethanol 96°, 49% distilled H2O and 1% acetic acid) were added 204 

to each well. After 10 min of gentle shaking, 100 μl of the supernatant of each well were 205 

transferred to a new opaque 96-well plate, and fluorescence was measured with a microplate 206 

reader (BioTek Synergy HT, excitation wavelength, 530/25; emission wavelength 645/40). 207 

Results were expressed as percentage of control (fluorescence of cells in absence of materials). 208 

Each assay included three independent replicates. To test the toxicity of leachates, different 209 

dilutions prepared in treatment medium were added to the cells. The viability was tested using 210 

the above-explained protocol. 211 

Oxidative stress assay: A549 cells were seeded in 96 well plates at 3 × 10
4
 cells per well. 212 

Twenty-four hours after seeding, cells were washed 1 time with Hank’s Balanced Salt Solution 213 

(HBSS) without phenol red, and incubated with DCFH-DA 50 µM for 30 min at 37 °C in the dark. 214 

After incubation, each well was washed once with HBSS, and 200 μl of the same 215 

concentrations of materials used in the viability experiments (6.4, 32 and 160 mg/L) 216 

resuspended in HBSS were added to each well. Cells incubated with HBSS alone were used as 217 

control, while cells treated with H2O2 20 µM were used as positive control.  Fluorescence was 218 

monitored at 0, 30 and 60 min of exposure with a microplate reader (BioTek Synergy HT, 219 

excitation wavelength, 485/20; emission wavelength 528/20). Each assay included three 220 

independent replicates. To test the toxicity of leachates, different dilutions prepared in HBSS 221 

were added to the cells. The oxidative stress was tested using the above-explained protocol. 222 

2.8.2 Experiments using S. cerevisiae 223 

Viability assay: Yeast cells in exponential growth phase (OD600 = 1) were exposed to 160 and 224 

800 mg/L of the materials in microcultures using 24 well plates within an orbital shaker (180 225 

rpm), for 2 and 24 h. After exposure, suspensions were serially diluted and plated to determine 226 

the number of viable cells on solid YPD medium (6% agar) and incubated at 30°C. Results were 227 

expressed as percentage of control (CFUs grown in absence of materials). Each assay included 228 
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three independent replicates. The toxicity of different dilutions of leachates in YPD was also 229 

tested using this method. 230 

 Oxidative stress assay: Intracellular reactive oxygen species levels in S. cerevisiae cells were 231 

determined following the protocol described by Domi et al. (Domi et al., 2020). Yeast cells 232 

growing in exponential phase were pelleted, washed and incubated with CM-H2DCFDA (7 µM) 233 

in DPBS for 60 min at 30 °C and 185 rpm. Subsequently, yeast cells were washed again, 234 

resuspended in YPD and exposed to the selected magnets for 2 h. Yeast cells treated with H2O2 235 

10 mM were used as positive control. Afterwards, yeast cells were washed two times with 236 

DPBS, incubated 2 min in a solution containing Lithium Acetate 2M, and washed and incubated 237 

again for 2 min in a solution containing SDS (0.01%) and chloroform (0.4%), which were added 238 

to facilitate the exclusion of the dye from the cells. Finally, 150 μL of each sample were 239 

transferred to a black opaque 96 micro-well plate and the fluorescence was measured using a 240 

microplate reader (BioTek Synergy HT, excitation wavelength, 485/20; emission wavelength 241 

528/20). Each assay included three independent replicates. Leachates from magnets diluted in 242 

YPD were evaluated using the same protocol. 243 

2.8.3 V. fischeri bioluminescence inhibition assay 244 

The effect of the magnet leachates over the bioluminescence produced by V. fischeri was 245 

studied applying the following protocol: One luminescent colony was selected in a petri dish, 246 

and resuspended in 5 mL of Marine Broth 2216 for 48 h. After this time, the bacterial 247 

suspension was pelleted, resuspended in 5 mL of NaCl 2% (w/v) at 15 °C and maintained at 10 248 

°C for 30 min. A 96 well opaque microplates containing 90 µL of leachates in a water 249 

suspension with 2% of NaCl (at concentrations equivalent to 160 and 800 mg/L of the 250 

magnets), positive controls (ZnSO4.7H2O, 219.8 mg/L of 2% NaCl) and negative controls (2% 251 

w/v NaCl) were prepared. 10 µL of the bacterial suspension were added into each well of the 252 

microplates with the different samples, and the luminescence was immediately measured 253 
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(initial peak value) using a microplate reader BioTek Synergy HT. The microplate was then 254 

incubated in a Thermomixer at 800 rpm and 15 °C, and V. fischeri luminescence was recorded 255 

each 5 min throughout 30 min in the microplate reader. The inhibition of luminescence 256 

(percentage of control) was calculated using the values obtained at 30 min (M30-value) 257 

applying the following formula, adapted from Jarque et al. (Jarque et al., 2016): 258 

���% = 100 −
	30

�� × ���� 
 × 100 

where CF is a correction factor (the M30/peak ratio in negative controls) reflecting natural 259 

attenuation of bacterial luminescence after 30 min of incubation. 260 

2.9 Statistical analysis 261 

Statistical analysis data are presented as means ± SD. The one-way analysis of variance 262 

(ANOVA) was used for multiple comparisons, followed by Dunnett post hoc test to compare 263 

every mean with the control. Statistical tests were carried out using Prism 6.0 (GraphPad 264 

Prism, GraphPad Software, Inc.). Differences were considered significant at P ≤ 0.05. 265 

3. Results and Discussion 266 

3.1 Synthesis and characterization of selected permanent magnets  267 

Two MnAl based magnets with the same crystal structure (MnAl(C) S1 and MnAl(C) S2) were 268 

used in this work. The methodology used for their preparation has been detailed at the 269 

Materials and Methods section. Additionally, a commercial Nd magnet (Nd2Fe14B) was selected 270 

to be used as reference material. To obtain insights into the elemental composition of both 271 

MnAl alloys, their surface chemistry was studied through high-resolution X-ray photoelectron 272 

spectroscopy (XPS). Both MnAl(C) S1 and MnAl(C) S2 showed similar Al/Mn ratios (1.6 and 2.0, 273 

respectively) and C composition, while no significant contaminant elements were detected in 274 

any of the materials. 275 
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Since the potential toxicity induced by the different magnets could be also produced by 276 

dissolved metal ions originated from alloy powders present in water suspensions, ICP-MS 277 

analysis was performed on the magnets leachates obtained after the incubation of the 278 

different powders at 10 mg/mL in water during 3 months. Thus, both Mn and Al 279 

concentrations, in case of the MnAl(C) magnets, and Nd, Fe and B, in case of the commercial 280 

Nd magnet, were quantified. The obtained results revealed that MnAl(C) S1 and MnAl(C) S2 281 

leachates contained different Mn (0.36 and 15.74 ppb respectively) and Al (100.32 and 21.52 282 

ppb respectively) concentrations, while Nd (11.50 ppb), Fe (1.24 ppb) and B (388.59 ppb) could 283 

also be quantified in the reference magnet aqueous leachate. Interestingly, both MnAl 284 

magnets showed differences in the leachability of their elements. Since no coatings were 285 

applied in any of the materials, and in the absence of a further analysis, it could be suggested 286 

that the observed differences were the result of the inherent characteristics of the elements 287 

applied in the magnets manufacturing, being some of them more susceptible to metal leaching 288 

than the others.   289 

3.2 Particle size and morphology analysis 290 

To study the morphology and the size of the particles from the magnet powders, SEM and AFM 291 

techniques were performed. A small amount of powders from each magnet was directly 292 

observed by SEM. Figure 1 A displays the appearance of the particles in Nd2Fe14B (a, d) and in 293 

both MnAl(C) samples (b and e; c and f). All of them showed to be formed from particles with 294 

dimensions ranging from a few micrometers to a few hundred micrometers, and presenting a 295 

variety of irregular morphologies, appearing polygonal and round shapes. Moreover, in some 296 

of the images, particles in the nanoscale range were distinguished. Their presence was 297 

confirmed by AFM analysis (Figure 1B) in all the powders analyzing aliquots (10 µL) from 298 

aqueous solutions obtained excluding the biggest particles. Altogether, these results confirm 299 
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that the powders studied in this work consisted in a heterogeneous population of particles 300 

with a variety of morphologies and sizes (micro and nano-sized particulates). 301 

 302 

Figure 1: A) SEM images showing the morphology of the magnet powders. NdFeTi (a, d); MnAl(C) S1 (b, 303 

e);  MnAl(C) S2 (c, f). Images a, b and c: Original magnification ×200 (Scale bar =100 μm); Images d, e and 304 

f: Original magnification ×2000 (Scale bar =10 μm). AFM images of the nano-fraction of the magnet 305 

powders. (Scale bar =2 μm). 306 

3.3 Determination of magnets toxicity using A549 human cell line 307 

The viability of A549 cells after being directly exposed to different concentrations of the 308 

magnets suspensions and their associated leachates was determined by using the neutral red 309 

uptake assay, a widely applied cytotoxicity test which is based on the ability of viable cells to 310 

incorporate the neutral red dye and retain it in their lysosomes. As controls of death, cells 311 

exposed to water for 24 h or formaldehyde for 5 min were used (Supplementary material, 312 

Figure S1). In Figure 2, the results obtained in the neutral red assay after direct cell exposition 313 

to the materials are presented. No negative effect on cell viability was observed in any of the 314 

concentrations tested, showing all the studied conditions and controls a similar percentage of 315 
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viable cells (Figure 2A, B and C). By the same token, the viability of the cells was not affected 316 

after being exposed to leachates at dilutions equivalent to the different concentrations of the 317 

magnets suspensions used in the direct contact tests (Figure 2C, D and F). 318 

319 
Figure 2: Viability of A549 cells (Neutral Red assay) after direct exposure to magnet suspensions (A, B, C) 320 

and to different concentrations of the magnet leachates (D, E, F). Results are expressed as % of control 321 

(untreated cells). Data represent the mean of 3 independent replicates (± standard deviation, SD). 322 

Differences were established using a One-way ANOVA followed by Dunnett post hoc test to compare 323 

every mean with the control, and considered significant at P≤0.05. * P≤0.05. 324 

Regarding the induction of oxidative stress after direct contact exposure of A549 cells to 325 

different concentrations of the magnets, the DCFH-DA assay was applied to measure the levels 326 

of reactive oxygen species (ROS) at different time points (0, 30 and 60 min), and using H2O2 as 327 

positive control (Supplementary material, Figure S2). Figure 3 shows the results obtained after 328 

a 1-hour incubation. ROS levels were increased in A549 cells after being exposed to the three 329 

magnets, being statistically significant from concentrations of 32 mg/L in the case of Nd2Fe14B 330 

and MnAl(C) S1 (Figure 3A, B), and from 6.4 mg/L in the case of MnAl(C) S2 (Figure 3C). This 331 

induction was much higher in the case of the cells incubated with MnAl(C) S2, where besides 332 

causing significant oxidative stress at the lowest concentration tested, the levels of ROS 333 

produced at 160 mg/L were more than double the levels produced by Nd2Fe14B at the same 334 
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concentration (Figure 3C). On the other hand, leachates of magnets showed no induction of 335 

oxidative stress at any of the equivalent concentrations tested (Figure 3D, E, F). 336 

 337 

338 
Figure 3: Oxidative stress of A549 cells after direct exposure to magnet suspensions (A, B, C) and to 339 

different dilutions of the magnet leachates (D, E, F) for 1 h. Results are expressed as the relative 340 

fluorescence value to the control (untreated cells) which was assigned a value of 1. Data represent the 341 

mean of 3 replicates (± standard deviation, SD). Differences were established using a One-way ANOVA 342 

followed by Dunnett post hoc test to compare every mean with the control, and considered significant 343 

at P≤0.05. *P≤0.05, **P≤0.01, ****P≤0.0001. 344 

The implementation of rare earth permanent magnets in dentistry implied the emergence of 345 

some works addressing the toxicity of these materials. Factors such as the magnet composition 346 

(Bondemark et al., 1994), the presence of film layers coating their surface (Donohue et al., 347 

1995; Périgo et al., 2012) or even the magnetic field may directly affect their interactions with 348 

cells and, subsequently, their inherent toxicity (Ghodbane et al., 2013; Vergallo et al., 2014). 349 

With the aim to analyse the exclusive effect of the magnet composition, in the present study 350 

the materials were used demagnetized to carry out the different assays. The toxicity of Nd 351 

magnets using cell lines as model organisms have been investigated in different studies, with 352 

fibroblasts mainly being the selected cell line to study their biocompatibility performing 353 
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viability assays and presenting, in some cases, apparently opposite results. Thus, some works 354 

showed that the cytotoxicity of these materials and their corrosion products are negligible, 355 

regardless of whether or not they have been coated (Bondemark et al., 1994; Hopp et al., 356 

2003; Rogero et al., 2003). However, Donohue et al. (Donohue et al., 1995) described that 357 

human oral mucosal fibroblasts were sensitive to the effects of these rare earth magnets 358 

without coatings, being possibly the corrosion products and the magnetism the cause of the 359 

cytotoxicity described. Likewise, other work suggested that the surface coating of 360 

nanoparticles prepared from NdFeB compound with oleic acid, which was applied during 361 

milling process, is related with the acceptable cytotoxicity (≥ 80% of viability) that these 362 

nanoparticles presented in MRC-5 cell line over a wide range of concentration (0.1–100 µg/ml) 363 

(Périgo et al., 2012). In our experiments, the lung A549 cell line was used to carry out the 364 

different assays. In spite of the fact that the risk of incidental exposure by powders inhalation 365 

is not totally determined, being the nano-sized fraction particularly relevant, respiratory 366 

exposure is likely to occur in workplaces during their manipulation, which could be an 367 

important threat to the health of vulnerable groups such as individuals with pulmonary 368 

diseases (Geiser et al., 2017). For this reason, this lung cell line was selected to perform the 369 

assays, and the materials were used in powder form, thereby also facilitating their distribution 370 

in the direct exposure experiments. In the studies cited above, contact tests were performed 371 

using directly pieces of magnets in the millimetre range. In the specific case of Nd
2
Fe

14
B, our 372 

results are in concordance with those that concluded that Nd magnets and its leachable 373 

products are safe in terms of cell viability. However, oxidative stress induction, parameter that 374 

was not addressed by any study, was observed after an acute direct exposure. No data are 375 

available for the toxicity of MnAl based magnets in the current bibliography. Our findings 376 

revealed that, as with Nd
2
Fe

14
B, both MnAl(C) magnets did not have any negative effect on 377 

A549 cells viability under the conditions tested. Regarding oxidative stress, cells exposed to 378 

MnAl(C) S1 presented similar ROS levels than cells exposed to the Nd
2
Fe

14
B, whereas cells 379 
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exposed to MnAl(C) S2 showed higher levels of ROS production (significant ROS levels at 6.4 380 

mg/L, and more than doubled at 160 mg/L). It is worth mentioning that, in spite of the fact 381 

that A549 cells after 1 hour-exposure to the materials showed signs of oxidative stress, a 382 

relationship between cell viability and ROS production was not observed in the conditions 383 

tested. It has been proved that high levels of ROS can cause cell damage. Thus, different 384 

biomolecules of the cells, including proteins or nucleic acids, can be affected, leading to the 385 

activation of cell death processes such as apoptosis (Redza-Dutordoir and Averill-Bates, 2016). 386 

However, it is known that eukaryotic cells have the ability to overcome oxidative stress 387 

through the activation of autophagy (Filomeni et al., 2015). Considering this, there are two 388 

circumstances that could explain this results. On the one hand, it would be possible that the 389 

damage caused by the generated oxidative stress was not enough to result in cell death after 390 

24 hour-exposure, but being critical in longer incubation times. On the other hand, the damage 391 

levels caused by ROS could be low enough to be overcome by the cells through some 392 

mechanism such as autophagy. In any case, further research is needed to properly clarify this 393 

issue. Regarding the experiments carried out using the magnet leachates, unlike what has 394 

been observed in direct contact tests, they were not able to produce significant levels of ROS. 395 

Since it has been described that transition metal ions, such as Fe or Al, can induce oxidative 396 

stress (Snezhkina et al., 2020), the absence of ROS is indicative that their concentrations are 397 

lower than toxic levels in the magnet leachates. 398 

3.4 Determination of magnets toxicity using the yeast Saccharomyces cerevisiae 399 

To determine the toxicological potential of MnAl based magnets for the fungal genetic model 400 

S. cerevisiae, two different exposure times (2 and 24 h) and two materials concentrations (160 401 

and 800 mg/L) were studied (Figure 4; Supplementary material, Figure S3A). At the shorter 402 

exposure time, no significant differences in S. cerevisiae viability could be observed between 403 

the control condition (non-exposed cells) and any of the samples tested. However, after 24 h 404 
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of exposure, some viability differences could be observed between the studied conditions. In 405 

the presence of 160 mg/L, the viability of S. cerevisiae cells exposed to both MnAl(C) magnets 406 

was found to be significantly lower (around 35% in average; P ≤ 0.01) than that in the control 407 

condition, while in the presence of the Nd reference magnet, no significant differences in 408 

viability were observed between the exposed cells and the negative control at the lower 409 

concentration tested. In case of the yeast cells exposed to the higher concentration of the 410 

different magnets for 24 hours, a higher decrease in CFUs was observed, indicative of a dose-411 

response relationship. The percentage of viability was similar in the three conditions tested 412 

(around 60% in average; P ≤ 0.001). 413 

414 
Figure 4: Colony forming units (CFUs) of S. cerevisiae cells exposed to different magnets suspensions at 415 
two exposure times (2 and 24 h) and two concentrations: 160 (A) and 800 mg/L (B). Results are 416 
expressed as the percentage (%) of CFUs determined for each exposure condition using as reference 417 
value the non-exposed cells condition, which was assigned a value of 100%. Data represent the mean of 418 
3 replicates (± standard deviation, SD). Differences were established using a One-way ANOVA followed 419 
by Dunnett post hoc test to compare every mean with the control, and considered significant at P≤0.05. 420 
* P≤0.05, **P≤0.01, ****P≤0.0001. 421 
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In addition to the toxicological potential of the magnets after direct contact exposure, the 422 

ability of the magnets leachates to reduce the viability of S. cerevisiae was studied as well. In 423 

this case, a leachate equivalent to a concentration of 800 mg/L of each of the magnets was 424 

used to expose S. cerevisiae cells for 24 h (Figure 5; Supplementary material, Figure S3B).  425 

Differently to what was observed in case of the exposure experiments done with the three 426 

magnets suspensions, leachates showed to be safe for this model organism. Only a  statistically 427 

significant but very slight decrease on viability could be observed in cells exposed to MnAl(C) 428 

S1 leachates in the studied conditions after 24 h exposure, showing ≈ 95% of viability, which, in 429 

any case, is a very high value. In the rest of the samples, no significant differences in this 430 

parameter were observed between them and the control. 431 

 432 

Figure 5: CFUs of S. cerevisiae cells exposed to  magnets leachates equivalent to 800 mg/L during 24 h. 433 
Results are expressed as the percentage (%) of CFUs determined for each exposure condition using as 434 
reference value the non-exposed cells condition, which was assigned a value of 100%. Data represent 435 
the mean of 6 replicates (± standard deviation, SD). Differences were established using a One-way 436 
ANOVA followed by Dunnett post hoc test to compare every mean with the control, and considered 437 
significant at P≤0.05. **P≤0.01. 438 

The toxicological potential for S. cerevisiae of the magnets present in liquid suspensions was as 439 

well determined by investigating their ability to induce the formation of ROS. As in the viability 440 

experiments, concentrations of 160 and 800 mg/L were used to expose yeast cells for 2 h 441 
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(Figure 6). Some differences in fluorescence levels could be observed between the S. cerevisiae 442 

cells exposed to the distinct magnets. At the lowest concentration, the highest average ROS 443 

levels were observed for both MnAl(C) magnets, being significantly different in the case of 444 

MnAl(C) S2. Similar results were obtained for the higher concentration of the materials tested, 445 

but in this case, slightly higher ROS levels were observed in the presence of MnAl(C) S1. The Nd 446 

magnet, for its part, showed to produce not significantly higher levels of ROS at both 447 

concentrations tested. Either way, the observed values were close to those presented by the 448 

unexposed cells, and also very low, specially taking into account the levels of ROS presented by 449 

the positive control (yeast exposed to H2O2, Supplementary material, Figure S4). Thus, the 450 

observed differences could be considered the result of the variability between the samples, 451 

which explains the absence of a dose-response and indicates the inability of the different 452 

magnets to induce oxidative stress in the conditions tested. 453 

 454 

Figure 6: ROS induction analysis of S. cerevisiae cells exposed to different magnets suspensions during 2 455 
h at two different concentrations (160 and 800 mg/L). Results are expressed as arbitrary fluorescence 456 
values. Data represent the mean of 3 replicates (± standard deviation, SD). Differences were established 457 
using a One-way ANOVA followed by Dunnett post hoc test to compare every mean with the control, 458 
and considered significant at P≤0.05. * P≤0.05 **P≤0.01. 459 

Due to their widespread presence in nature, as well as to their ability to affect the different 460 

biological systems, the effect of different metals and metalloids on S. cerevisiae has been a 461 

topic of interest for the scientific community, and many research studies have been published 462 
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in this field generating knowledge in different aspects of metal biology (Wysocki and Tamás, 463 

2010). However, little is known about the effect on microbial systems of specific metal 464 

combinations, and in particular of those present in permanent magnets, providing this work 465 

new insights about the potential effects of MnAl based magnets and also Nd magnets on S. 466 

cerevisiae. 467 

3.5 Determination of Vibrio fischeri bioluminescence inhibition in presence of magnet 468 

leachates 469 

The toxicity of the magnets was also assessed incubating the bioluminescent bacteria V. 470 

fischeri with different concentrations of their correspondent leachates. Results showed that 471 

none of the leachates presented any negative impact on the light intensity at the 472 

concentrations tested. Figure 7 represents the evolution of the bioluminescence produced by 473 

the bacteria monitored over the 30-minute period with intervals of 5 min. Curves showed that 474 

all the leachates caused a drop of ≈ 18% in the initial bioluminescence peak, similar to the drop 475 

observed in the negative control (ZnSO4.7H2O). From this point on, the levels of 476 

bioluminescence attenuation were smaller than in the control, being the light intensity 477 

practically the same in all samples between 10 and 15 min of incubation, and slightly higher in 478 

the bacteria exposed to the different leachates from this point. Table 2 represents the 479 

inhibition percentages of the emitted light obtained in this experiment, which confirms that 480 

the drop in light intensity after the 30-minute incubation was smaller than the natural 481 

attenuation of the bacterium (negative values on the table).  482 

483 
Figure 7: Evolution of V. fischeri luminescence in presence of magnet leachates for 30 min.  484 

Jo
urn

al 
Pre-

pro
of



23 

 

Sample 
% of bioluminescence  

inhibition 

ZnSO4·6H2O, 219.8 mg/L 78.458 ± 6.827 

Nd
2
Fe

14
B 160 mg/L -42.080 ± 8.169 

Nd2Fe14B 800 mg/L -37.171 ± 4.795 

MnAl(C) S1 160 mg/L -27.378 ± 12.214 

MnAl(C) S1 800 mg/L -31.857 ± 20.275 

MnAl(C) S2 160 mg/L -28.218 ± 9.220 

MnAl(C) S2 800 mg/L -36.657 ± 6.102 

 Table 2: Bioluminescence inhibition of V. fischeri cells exposed to different concentrations of leachates 485 

during 30 min (percentage of control). 486 

In a previous study, Kurvet et al. evaluated the toxicity of rare earth elements and rare earth 487 

oxides in V. fischeri, including Nd (Kurvet et al., 2017). These authors found that Nd in their 488 

soluble form was toxic to this bacterium, describing that Nd(NO3)3.6H2O presented an EC50 of 489 

6.87 mg/L. However, the toxicity of the leachates of Nd permanent magnet alloys in this 490 

organism, as well as that of MnAl based alloys, was not previously evaluated, being described 491 

in this work for the first time.  492 

4. Conclusions 493 

In the present work, the potential toxicity of two newly developed MnAl based magnets was 494 

studied when interacting with distinct model organisms representative of human and 495 

environmental exposures, determining the doses that result in a harmful effect and providing a 496 

general overview of their possible adverse consequences. In general terms, the results 497 

obtained were similar to those observed using a commercial rare-earth-containing magnet 498 

(Nd2Fe14B) in the same conditions. Thus, direct exposure to human cells showed that all the 499 

materials have the capacity to induce oxidative stress at short exposure times, being the levels 500 

of ROS much higher in cells exposed to MnAl(C) S2. In S. cerevisiae, the viability of this 501 

organism was affected by all the magnets after long exposure times, being this effect higher in 502 

MnAl based magnets at the lowest concentrations tested (160 mg/L). On the other hand, and 503 
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in spite of the fact that yeast cells exposed to leachates of MnAl(C) S1 showed statistically 504 

significant decrease in its viability (≈5%), it can be stated that the leachates released by these 505 

materials are safe for the selected organisms. In summary, the doses of MnAl magnets with 506 

potential negative effects are presented here. Although further research is needed to 507 

determine the toxicity of these materials in more realistic exposure scenarios, these results 508 

can be considered as a preliminary study of their potential impact for human health and for 509 

the environment. 510 

Author contributions 511 

Carlos Rumbo: Conceptualization, Methodology, Validation, Formal analysis, Investigation, 512 

Writing - Original Draft, Writing - Review & Editing, Supervision. 513 

Cristina Cancho Espina: Investigation, Formal analysis. 514 

Vladimir V. Popov: Resources, Writing - Review & Editing. 515 

Konstantin Skokov: Resources, Writing - Review & Editing. 516 

Juan Antonio Tamayo-Ramos: Conceptualization, Methodology, Validation, Formal analysis, 517 

Investigation, Writing - Review & Editing, Supervision. 518 

Conflict of interest 519 

The authors declare no conflict of interest. 520 

Acknowledgments 521 

This work received funding from the EU Horizon 2020 NOVAMAG project (NMBP 23-2015, 522 

grant agreement N° 686056) and Junta de Castilla y Leon-FSE grant UBU-15-A. We thank 523 

Vacuumschmelze GmbH & Co. KG for kindly providing us with the NdFeB magnet. 524 

 525 

Jo
urn

al 
Pre-

pro
of



25 

 

References 526 

Arrizubieta, J.I., Ukar, O., Ostolaza, M., Mugica, A., 2020. Study of the environmental 527 

implications of using metal powder in additive manufacturing and its handling. Metals 528 

(Basel). 10. https://doi.org/10.3390/met10020261 529 

Bondemark, L., Kurol, J., Wennberg, A., 1994. Orthodontic rare earth magnets--in vitro 530 

assessment of cytotoxicity. Br. J. Orthod. 21, 335–341. 531 

https://doi.org/10.1179/bjo.21.4.335 532 

Brown, D.N., 2016. Fabrication, Processing Technologies, and New Advances for RE-Fe-B 533 

Magnets. IEEE Transactions on Magnetics. https://doi.org/10.1109/TMAG.2016.2535482. 534 

Coey, J.M.D., 2010. Magnetism and Magnetic Materials. Cambridge University Press. 535 

https://doi.org/https://doi.org/10.1017/CBO9780511845000 536 

Dalal, A., Pawar, V., McAllister, K., Weaver, C., Hallab, N.J., 2012. Orthopedic implant cobalt-537 

alloy particles produce greater toxicity and inflammatory cytokines than titanium alloy 538 

and zirconium alloy-based particles in vitro, in human osteoblasts, fibroblasts, and 539 

macrophages. J. Biomed. Mater. Res. - Part A 100 A, 2147–2158. 540 

https://doi.org/10.1002/jbm.a.34122 541 

Domi, B., Rumbo, C., García-Tojal, J., Sima, L.E., Negroiu, G., Tamayo-Ramos, J.A., 2020. 542 

Interaction analysis of commercial graphene oxide nanoparticles with unicellular systems 543 

and biomolecules. Int. J. Mol. Sci. 21, 5–8. https://doi.org/10.3390/ijms21010205 544 

Donohue, V.E., McDonald, F., Evans, R., 1995. In vitro cytotoxicity testing of neodymium-iron-545 

boron magnets. J. Appl. Biomater. 6, 69–74. https://doi.org/10.1002/jab.770060110 546 

Faiz, J., Nejadi-Koti, H., Valipour, Z., 2017. Comprehensive review on inter-turn fault indexes in 547 

permanent magnet motors. IET Electr. Power Appl. 11, 142–156. 548 

Jo
urn

al 
Pre-

pro
of



26 

 

https://doi.org/10.1049/iet-epa.2016.0196 549 

Filomeni, G., De Zio, D., Cecconi, F., 2015. Oxidative stress and autophagy: The clash between 550 

damage and metabolic needs. Cell Death Differ. 22, 377–388. 551 

https://doi.org/10.1038/cdd.2014.150 552 

Geiser, M., Jeannet, N., Fierz, M., Burtscher, H., 2017. Evaluating adverse effects of inhaled 553 

nanoparticles by realistic in vitro technology. Nanomaterials 7, 1–15. 554 

https://doi.org/10.3390/nano7020049 555 

Ghodbane, S., Lahbib, A., Sakly, M., Abdelmelek, H., 2013. Bioeffects of static magnetic fields: 556 

Oxidative stress, genotoxic effects, and cancer studies. Biomed Res. Int. 2013. 557 

https://doi.org/10.1155/2013/602987 558 

Gutfleisch, O., Willard, M.A., Brück, E., Chen, C.H., Sankar, S.G., Liu, J.P., 2011. Magnetic 559 

materials and devices for the 21st century: Stronger, lighter, and more energy efficient. 560 

Adv. Mater. 23, 821–842. https://doi.org/10.1002/adma.201002180 561 

Hahn, W., Fricke, J., Fricke-Zech, S., Zapf, A., Gruber, R., Sadat-Khonsari, R., 2008. The use of a 562 

neodymium-iron-boron magnet device for positioning a multi-stranded wire retainer in 563 

lingual retention - A pilot study in humans. Eur. J. Orthod. 30, 433–436. 564 

https://doi.org/10.1093/ejo/cjn037 565 

Hopp, M., Rogaschewski, S., Groth, T., 2003. Testing the cytotoxicity of metal alloys used as 566 

magnetic prosthetic devices. J. Mater. Sci. Mater. Med. 14, 335–345. 567 

https://doi.org/10.1023/A:1022931915709 568 

Jarque, S., Masner, P., Klánová, J., Prokeš, R., Bláha, L., 2016. Bioluminescent vibrio fischeri 569 

assays in the assessment of seasonal and spatial patterns in toxicity of contaminated river 570 

sediments. Front. Microbiol. 7, 1–11. https://doi.org/10.3389/fmicb.2016.01738 571 

Jo
urn

al 
Pre-

pro
of



27 

 

Koch, A.J.J., Hokkeling, P., v. d. Steeg, M.G., de Vos, K.J., 1960. New Material for Permanent 572 

Magnets on a Base of Mn and Al. J. Appl. Phys. 31, S75–S77. 573 

https://doi.org/10.1063/1.1984610 574 

Kōno, H., 1958. On the Ferromagnetic Phase in Manganese-Aluminum System. J. Phys. Soc. 575 

Japan 13, 1444–1451. https://doi.org/10.1143/JPSJ.13.1444 576 

Kurvet, I., Juganson, K., Vija, H., Sihtmäe, M., Blinova, I., Syvertsen-Wiig, G., Kahru, A., 2017. 577 

Toxicity of nine (doped) rare earth metal oxides and respective individual metals to 578 

aquatic microorganisms Vibrio fischeri and Tetrahymena thermophila. Materials (Basel). 579 

10. https://doi.org/10.3390/ma10070754 580 

Lanone, S., Rogerieux, F., Geys, J., Dupont, A., Maillot-Marechal, E., Boczkowski, J., Lacroix, G., 581 

Hoet, P., 2009. Comparative toxicity of 24 manufactured nanoparticles in human alveolar 582 

epithelial and macrophage cell lines. Part. Fibre Toxicol. 6, 1–12. 583 

https://doi.org/10.1186/1743-8977-6-14 584 

Lee, J.C.K., Wen, Z., 2017. Rare Earths from Mines to Metals: Comparing Environmental 585 

Impacts from China’s Main Production Pathways. J. Ind. Ecol. 21, 1277–1290. 586 

https://doi.org/10.1111/jiec.12491 587 

Lewis, L.H., Jiménez-Villacorta, F., 2013. Perspectives on permanent magnetic materials for 588 

energy conversion and power generation. Metall. Mater. Trans. A Phys. Metall. Mater. 589 

Sci. 44. https://doi.org/10.1007/s11661-012-1278-2 590 

Mancini, G.P., Noar, J.H., Evans, R.D., 1999. The physical characteristics of neodymium iron 591 

boron magnets for tooth extrusion. Eur. J. Orthod. 21, 541–550. 592 

https://doi.org/10.1093/ejo/21.5.541 593 

Nguyen, R.T., Imholte, D.D., Matthews, A.C., Swank, W.D., 2019. NdFeB content in ancillary 594 

Jo
urn

al 
Pre-

pro
of



28 

 

motors of U.S. conventional passenger cars and light trucks: Results from the field. Waste 595 

Manag. 83, 209–217. https://doi.org/10.1016/j.wasman.2018.11.017 596 

Patel, K., Zhang, J., Ren, S., 2018. Rare-earth-free high energy product manganese-based 597 

magnetic materials. Nanoscale 10, 11701–11718. https://doi.org/10.1039/c8nr01847b 598 

Périgo, E.A., Silva, S.C., De Sousa, E.M.B., Freitas, A.A., Cohen, R., Nagamine, L.C.C.M., Takiishi, 599 

H., Landgraf, F.J.G., 2012. Properties of nanoparticles prepared from NdFeB-based 600 

compound for magnetic hyperthermia application. Nanotechnology 23. 601 

https://doi.org/10.1088/0957-4484/23/17/175704 602 

Radulov, I.A., Popov, V. V., Koptyug, A., Maccari, F., Kovalevsky, A., Essel, S., Gassmann, J., 603 

Skokov, K.P., Bamberger, M., 2019. Production of net-shape Mn-Al permanent magnets 604 

by electron beam melting. Addit. Manuf. 30, 100787. 605 

https://doi.org/10.1016/j.addma.2019.100787 606 

Redza-Dutordoir, M., Averill-Bates, D.A., 2016. Activation of apoptosis signalling pathways by 607 

reactive oxygen species. Biochim. Biophys. Acta - Mol. Cell Res. 1863, 2977–2992. 608 

https://doi.org/10.1016/j.bbamcr.2016.09.012 609 

Rim, K.T., Koo, K.H., Park, J.S., 2013. Toxicological evaluations of rare earths and their health 610 

impacts to workers: A literature review. Saf. Health Work 4, 12–26. 611 

https://doi.org/10.5491/SHAW.2013.4.1.12 612 

Rogero, S.O., Saiki, M., Dantas, E.S.K., Oliveira, M.C.L., Cruz, A.S., Ikeda, T.I., Costa, I., 2003. 613 

Corrosion performance and cytotoxicity of sintered Nd-Fe-B magnets. Mater. Sci. Forum 614 

416–418, 76–80. https://doi.org/10.4028/www.scientific.net/msf.416-418.76 615 

Russell W. M., S., Burch, R., 1959. The Principles of Humane Experimental Technique. London, 616 

UK: Methuen. 617 

Jo
urn

al 
Pre-

pro
of



29 

 

Snezhkina, A. V., Kudryavtseva, A. V., Kardymon, O.L., Savvateeva, M. V., Melnikova, N. V., 618 

Krasnov, G.S., Dmitriev, A.A., 2020. ROS generation and antioxidant defense systems in 619 

normal and malignant cells. Oxid. Med. Cell. Longev. 2019. 620 

https://doi.org/10.1155/2019/6175804 621 

Vardhan, K.H., Kumar, P.S., Panda, R.C., 2019. A review on heavy metal pollution, toxicity and 622 

remedial measures: Current trends and future perspectives. J. Mol. Liq. 290, 111197. 623 

https://doi.org/10.1016/j.molliq.2019.111197 624 

Vergallo, C., Ahmadi, M., Mobasheri, H., Dini, L., 2014. Impact of inhomogeneous static 625 

magnetic field (31.7-232.0 mT) exposure on human neuroblastoma SH-SY5Y cells during 626 

cisplatin administration. PLoS One 9, 1–19. 627 

https://doi.org/10.1371/journal.pone.0113530 628 

Wu, B., Wu, J., Liu, S., Shen, Z., Chen, L., Zhang, X.X., Ren, H. qiang, 2019. Combined effects of 629 

graphene oxide and zinc oxide nanoparticle on human A549 cells: bioavailability, toxicity 630 

and mechanisms. Environ. Sci. Nano 6, 635–645. https://doi.org/10.1039/C8EN00965A 631 

Wysocki, R., Tamás, M.J., 2010. How Saccharomyces cerevisiae copeswith toxicmetals and 632 

metalloids. FEMS Microbiol. Rev. 34, 925–951. https://doi.org/10.1111/j.1574-633 

6976.2010.00217.x 634 

Yang, Q., Zhang, L., Ben, A., Wu, N., Yi, Y., Jiang, L., Huang, H., Yu, Y., 2018. Effects of 635 

dispersible MoS2 nanosheets and Nano-silver coexistence on the metabolome of yeast. 636 

Chemosphere 198, 216–225. https://doi.org/10.1016/j.chemosphere.2018.01.140 637 

Yu, Q., Zhang, B., Li, J., Du, T., Yi, X., Li, M., Chen, W., Alvarez, P.J.J., 2017. Graphene oxide 638 

significantly inhibits cell growth at sublethal concentrations by causing extracellular iron 639 

deficiency. Nanotoxicology 11, 1102–1114. 640 

https://doi.org/10.1080/17435390.2017.1398357 641 

Jo
urn

al 
Pre-

pro
of



HIGHLIGHTS 

Different organisms were used to study the toxicity of MnAl permanent magnets. 

MnAl based magnets induced oxidative stress on A549 cells at short exposure times. 

MnAl based magnets significantly affected yeast viability at 160 mg/L. 

MnAl leachates showed to be safe for the organisms exposed. 

Overall, MnAl(C) magnets showed a similar biological impact to that of a Nd magnet. 
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