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ABSTRACT

The toxicity of lunar dust (LD), anecdotally reported by Apollo astronauts, raises concerns for future missions
involving prolonged human presence on the Moon. LD toxicity is thought to involve oxidative stress driven by
nanophase metallic iron (np-Fe®), a peculiar feature of LD. In life-supporting lunar habitat, np-Fe® embedded in
the amorphous phases of LD may react with Oy prior to accessing the lung, complicating toxicity assessments.
Due to limited availability of real LD samples, toxicological evaluations rely on lunar dust simulants (LDS). A
novel Simulant Moon Agglutinate (SMA), composed of a glassy matrix with np-Fe’, was produced and ball milled
in an inert atmosphere to expose non-oxidized Fe® surface centers and to obtain a dust with respirable particle
size. Physicochemical properties, oxidative activity, and iron release in simulated body fluids were assessed on
selected SMA samples. SMA were aged in air, and the kinetics of free radical generation revealed a strong redox
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activity that decreased with aging. After an oxidative ageing of 1 month, SMA was still active in generating free
radicals, to a higher extent that other LD simulants like JSC-1A-vf, highlighting the key role of np-Fe’ in eliciting
LD peculiar reactivity. In vitro tests showed that SMA caused no cell membrane damage, suggesting that LD
toxicity mechanisms might involve free radicals and may differ from terrestrial toxic dust, such as quartz.

1. Introduction

A new era of lunar exploration is expected in the next years. Human
bases on the Moon’s surface are envisaged by many space agencies,
including the USA National Aeronautics and Space Administration
(NASA) with the Artemis program [1] and the China National Space
Administration (CNSA) with the Chang’e program [2]. Additionally, EU,
India, Japan, Russia, South Korea, the United Arab Emirates are plan-
ning missions to find and exploit in situ resources (In-Situ Resource
Utilization, ISRU), including the use of lunar regolith for construction,
oxygen extraction, and food production [3,4]. Despite multiple suc-
cessful Apollo missions that saw astronauts land on and return from the
Moon, ensuring astronauts’ health remains a major challenge for
ongoing lunar exploration programs. One key issue involves the impact
of lunar dust (LD) on human health [5-7].

The lunar soil is covered by a dusty layer of regolith with particle size
ranging from 30 nm to 20 pm, over 95 % of which is smaller than 2 pm
[8]. Despite the similarity with terrestrial rocks, the LD exhibits some
chemical peculiarities due to the environment in which it is formed. The
lunar surface is exposed to constant micro-meteorite bombardment, for
which impact temperatures may be as high as 2000 °C. The
impact-melt-vapor deposition process in the lunar reducing atmosphere
generates amorphous rims and metallic iron nano-agglomerates, i.e.,
nanophase iron (np—FeO), embedded in a glassy silicate matrix, a char-
acteristic that is absent in terrestrial minerals [9,10]. On the surface of
lunar soil particles, np-Fe® is the dominant crystalline phase within rims
formed on individual grains of amorphous glass or agglutinates [10].
The concentration of np-Fe® in returned lunar soil samples has been
determined by magnetic methods and Mossbauer spectroscopy,
revealing metallic iron contents of about 0.5-1 wt% [11].

During their permanence on the Moon, astronauts face significant
exposure to LD, especially when these fine particles are carried into the
lunar module upon their return from extravehicular activities (EVA) [5,
12]. The astronauts of the Apollo missions described respiratory and
dermal effects of the LD, including cough, sore throat, allergic reaction,
nostrils irritation, and burning eyes [12-14]. Apollo’s astronauts were
exposed to LD for a very short time, while future missions envisage
human presence for much longer periods, lasting up to a few months. To
ensure astronauts safety, those future missions must take into account
higher level of exposure and long-term toxicity effects of LD [15].

The toxicity of LD has been investigated in in vitro and in vivo studies.
Lung toxic effects, including increase of inflammatory biomarkers and
impairment of alveolar capillary barrier, have been identified in rats
treated with LD [16,17]. Alveolar macrophages and lung epithelial cells
showed a decrease in cell viability, DNA damage, and release of
pro-inflammatory factors after LD exposure [18-20]. Studies have
shown the intrinsic ability of LD to boost cellular oxidative stress by
generating high levels of reactive oxygen species (ROS), including the
highly oxidant hydroxyl radicals ("OH), through Fenton-like mechanism
that may involve np—FeO [21-25]. ROS are known to be extremely
damaging to cellular components, with *OH being particularly harmful
due to its strong oxidation potential (2.4 V for the *OH /H30 redox
couple) and its ability to oxidize a wide range of organic molecules [26].
Notably, *OH plays a crucial role in initiating lipid peroxidation in
biological systems and is capable of oxidizing DNA, proteins and phos-
pholipids [27].

Because of the limited amount of real LD recovered from Apollo,
Luna, and Chang’e-5 missions, many LD simulants (LDS) have been
developed in the laboratory [28-30]. These materials seek to mimic the

main physico-chemical characteristics of real LD, such as size and
composition [6,31]. However, only a few simulants have been used for
toxicological studies, as replicating the precise chemistry and reactivity
of real LD remains challenging [22]. A major limitation of all current
lunar simulants, including the NASA’s Johnson Space Center-1A
(JSC-1A) simulant that has been largely used in toxicity studies [19,
32], is the lack of np-Fe® inclusions and glassy agglutinates [33,34].
Only a very few lab-scale successful attempts have been made to obtain
reduced iron clusters in simulants, by chemical reduction of well-known
LDS [22] or from precursors [34]. Thus, developing high fidelity LDS
remains crucial for accurately assessing the potential health hazard of
LD and ensure safe human exploration of the Moon.

In this study, we fine-tuned the surface properties of a newly
developed LDS rich in np-Fe® to investigate its surface reactivity and
biochemical processes related to the occurrence of np-FeP. Specifically,
we explored potential oxidative mechanisms underlying the toxic effects
of LD, considering both its initial, non-oxidative environment (Moon-
like conditions) and the alterations induced by oxidative ageing upon
exposure to an oxygen-rich life-supporting atmosphere. It is largely held
that the reductive molecular environment in which LD is generated may
define its surface reactivity and we hypothesized here that the exposure
to an oxygen-rich atmosphere may affect the speciation of surface iron
and eventually modulate LD oxidative potential, which in turn may
define LD toxicity.

The molecular mechanisms leading to oxidative stress and *OH for-
mation induced by np-Fe® remain poorly understood in the literature on
lunar and planetary science, the most widely cited mechanism being the
Fenton reaction [22], in which superficial ferrous iron (Fe2+) reacts with
hydrogen peroxide (H30,) produced in lysosome of phagocyting
macrophage cells, forming *OH:

Fe** + H,0,—Fe**+*0OH + OH~ (@)

This gap in surface reactivity studies related to np-Fe® role in LD
toxicity arises primarily because, to the best of our knowledge, only a
few studies have successfully obtained a LDS with np—Fe0 [22], and none
of them have prepared and stored the simulant under a controlled at-
mosphere. Because metallic iron (Fe%) rapidly reacts with atmospheric
O,, our LDS was carefully prepared and stored in an inert non-oxidative
atmosphere. Our protocol ensured that this LDS was first exposed to O
only at the exact moment when surface reactivity tests or oxidative
ageing experiments began. This complex procedure was designed to
simulate the moment when LD enters the interlock, is exposed to oxy-
gen, and potentially reaches the human respiratory tract. To achieve
this, we designed an experiment to systematically study the effect of
oxidative ageing (up to one month) on the surface reactivity of the
simulant.

Drawing insights from studies on contaminant remediation where
the chemistry of Fe® has been largely studied, Fe® might lead to oxidative
stress and *OH formation in aqueous systems through reactions with
atmospheric O. These reactions could:

i. directly involve Feo, generating Fenton reactants [35,36]:

Fe® +0,+2H"—»Fe** + H,0, 2

ii. indirectly involve Fe® corrosion and Fe® corrosion products [37-40]:

Fe® + 2H"»Fe** + H, 3
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Fe® corrosion in the near neutral pH yields a solid multi-layered
oxide shell composed of corrosion products (i.e., FeO, FeOOH, Fe,0s,
Fe304) at the metal surface. These reactions generate ferrous compounds
that can react with atmospheric O leading to ROS, including superoxide
species (0,°*), in turn forming Fenton reactants and *OH [41]:

Fe** +0,»Fe*" + 0,° 4

Fe* +0,° +2H"— Fe** + H,0, 6))

The role of O3 and the amount and speciation of bioavailable iron
were here evaluated to clarify the mechanism of *OH generation from
LDS that were developed from two zeolite types (i.e., type A and type X),
with different iron content— higher in type A and lower in type X [34].
This novel LDS, identified as Simulant Moon Agglutinate (SMA), simu-
lated the glassy agglutinates containing np-Fe®, which were detected on
Apollo return samples and recently confirmed on the Chang’e-5 samples
from the lunar south pole [10,34]. Quantitative phase analysis (QPA)
results, as obtained by the Rietveld method, revealed np-Fe® contents of
2.6 wt% (SMA A) and 1.6 wt% (SMA X) [34]. These values fall within
the range of reduced iron measured in lunar dust samples returned from
Apollo missions [11]. Non-oxidized Fe? surface centers were obtained by
milling SMA dust in an inert, non-oxidative atmosphere, while reducing
particle size to the respirable range. Surface sensitive measures and
tests, including terephthalate and radical assays, surface iron leaching in
simulated body fluids, and particle-induced membrane damage, were
used to probe the effect of oxidizing atmosphere on np-Fe® rich SMA.

2. Materials and methods
2.1. Simulant moon agglutinates

The pristine SMA A (Ap) was prepared from reagent grade zeolite 4 A
(framework type LTA, Naj2Al;2Si10048-27H20, Carlo Erba), which was
contacted with a 0.1 M [Fe2+] aqueous solution prepared by dissolving
FeSO4-7H20 (Carlo Erba) in doubly distilled water (DI) at a weight
solid/liquid ratio of 1/100, for 2 h, at about 7 °C, under Ar bubbling to
prevent Fe?' oxidation to Fe3* [44]. The solid was separated from the
liquid by filtration, washed with DI water and again contacted with a
fresh aliquot of the same 0.1 M [Fe2+] aqueous solution, under the same
conditions. This sequence of operations was iterated six times. Finally,
the dust was dried overnight at 80 °C and then stored at ca. 50 % relative
humidity to achieve zeolite water saturation. The pristine SMA X (Xp)
was prepared from reagent grade zeolite 13X (framework type FAU,
NageAlggSii060384:264 H0, Carlo Erba) by using the same procedure
previously described for zeolite 4 A, the only difference being the
number of iterations (i.e., three). The procedure has been slightly
modified from that reported in a previous work [34]. The Fe content was
16.9 and 13.1 wt% for type A SMA and type X SMA, respectively, which
was assessed and calculated elsewhere [34]. Variations in cation ex-
change capacity, cage size, and pore structure between these two
Fe-exchanged zeolite samples likely explain their differing Fe content
[34].

The Fe-exchanged zeolite samples were placed in Pt crucibles and
heated up to 750 °C (15 °C/min heating rate) for 2 h in a Al,O3 cylin-
drical furnace (inner diameter 6.9 cm, length 91 cm) under a reducing
atmosphere of Hy/Ar flow (Hz = 2 % vol.). The samples (Ap and Xp)
were cooled to room temperature (RT) in the closed furnace.

Both Ap and Xp samples were milled in a planetary mill (FRITSCH
P6) using a zirconia jar (45 ml) which was loaded with 1 g of zirconia
beads (5 mm) and 3 g of SMA dust. The milling process was performed
in an inert atmosphere by using a MBraun LABstar glove box filled with
pure 5.5 grade argon (pOz < 0.5 ppm, pH20 < 0.5 ppm), following a
procedure previously described [45]. Three milling cycles were per-
formed at 350 rpm for 20 minutes each, with 2-minutes intervals be-
tween cycles. The milled dust was collected in the inert atmosphere of
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the glove box. A fraction of the milled sample was stored in the inert
atmosphere (Ai and Xi), while a fraction was exposed to air (79-21 %
mix of N and Oy, respectively, and RH% = 30-40 %) for 1 minute (Aal
and Xal), 72 hours (Aa2 and Xa2) and 1 month (Aa3 and Xa3).

2.2. Reference sample JSC-1A-vf

The well-known simulant JSC-1A-vf was used as reference material
in the sodium terephthalate assay. This sample was kindly supplied by
NASA Johnson Space Center (Houston, Texas, USA) and consisted of a
fine fraction (< 20 pm) of JSC-1A, which was sourced from the Merriam
Crater (Flagstaff, Arizona, USA). The mineralogical and chemical
properties of JSC-1A-vf were similar to those of JSC-1A [46,47]. The
composition of JSC-1A was basaltic tuff ash, containing about 50 %
glassy material by weight, and closely resembling the lunar soil samples
collected during the Apollo 17 mission [48]. However, JSC-1A-vf con-
tained iron in the form of Fe2t (ca. 76 % of the total iron) and Fe*" (ca.
24 % of the total iron), and it did not contain np—Fe0 [33,48].

2.3. Morphological analysis

The micromorphology of the particles was assessed by Field-
Emission Scanning Electron Microscopy (FE-SEM) using a TESCAN
S9000G microscope equipped with a Schottky FEG source. Dry particles
were deposited on conductive stubs, covered with carbon tape, and
analyzed within a magnification range of 10,000x to 200,000x and ac-
celeration voltage of 15-20 kV. Micrographs were collected via sec-
ondary electrons (SE) and backscattered electrons (BSE).

2.4. Particle size distribution

The size distribution of particles in aqueous suspension was assessed
by Flow Particle Image Analysis (FPIA) using a Sysmex FPIA-3000 in-
strument (detection range, 0.8-160 pm; Malvern Instruments),
following a procedure previously described [49]. Briefly, particles were
dispersed in ultrapure water (Milli-Q, Merck Millipore) at a concentra-
tion of 1 mg/ml. Particle dispersions were injected (ca. 5 ml) into the
measurement cell under constant agitation at 360 rpm to avoid particle
sedimentation. Images of the particles were captured using stroboscopic
lighting and a charge-coupled device camera, using 20 x magnification
in high power field (HPF) mode and low power field (LPF) mode. Data
was processed with the Sysmex FPIA software.

2.5. Specific surface area (SSA)

The analysis of the SSA was performed by the Brunauer-Emmett—
Teller (BET) method by measuring the adsorption of Kr at —196 °C with
an ASAP 2020 adsorption analyzer (Micromeritics). The dust samples
were degassed for 4 h at 200 °C before the analysis. The BET surface area
was then calculated over the range P/Py = 0.05 — 0.25 (12 points).

2.6. Crystallographic structure

Crystallinity was assessed by X-Ray Powder Diffraction (XRPD) in the
Bragg-Brentano configuration on a Philips X'Pert diffractometer. The
measurements were conducted at RT in the 20 range = 10° — 60° (step,
0.02° 20; time per step, 1 s). The crystallite size was calculated by the
Scherrer formula:

Kk
" pcosé

(6)

where, 7 is the mean size of the crystalline domains, k is a constant equal
to 0.90, 2 is the X-ray wavelength equal to 0.154 nm, § is the full width
at half maximum, and 4 is the half diffraction angle.
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2.7. Surface elemental composition

The surface composition was assessed by X-ray Photoelectron Spec-
troscopy (XPS) using a Versaprobe Physical Electronics (PHI) 5000
spectrometer, equipped with a monochromatic Al K-alpha X-ray source
(1486.6 eV). The measurements were carried out using double charge
compensation, an electron gun, and a beam of Ar™" ions to reduce surface
charging effects. Survey and High Resolution (HR) spectra were ac-
quired with different pass energies, i.e., 187 eV and 23 eV, respectively.
Data were analyzed using Multipak 9.0 dedicated software, by sub-
tracting the background contribution with a Shirley function. Because
this system lacks a glove box chamber, all the samples, including the
ones stored in the inert atmosphere, were exposed to air before entering
the analysis chamber. Thus, all samples analyzed through XPS should be
considered as air exposed.

2.8. Fluorimetric determination of hydroxyl radicals by the sodium
terephthalate (TA) assay

The TA assay is based on the formation of the fluorescent 2-hydrox-
yterephatalate (TA-OH) when the non-fluorescent TA reacts with ROS.
The protocol was used in previous studies on LDS [48,50]. Briefly, SMA
samples (5 mg/ml) were incubated in 10 mM TA diluted in phosphate
buffer saline (10 mM PBS, Merck) at 25°C under continuous shaking.
Aliquots of the suspension (2 ml) were taken after 48 h of incubation
and centrifuged at 10,000 rcf for 2 min (Rotina 380 R, Hettic In-
struments). The supernatant was filtered through a syringe with a filter
of 0.22 pm pores (Merck Millipore). The fluorescence of the filtered
solution was analyzed with a Cary Eclipse Fluorescence single-beam
spectrophotometer (Varian) into a quartz cuvette using an excitation
wavelength of Ay = 324 nm and an emission of Aep, = 424 nm. The
JSC-1A-vf, which showed radical activity in the TA assay [50], was used
as a positive reference material for this test. The concentration of the
SMA samples and the incubation timing were selected based on a pre-
liminary experiment with different concentrations (i.e., 5, 15, and
30 mg/ml) and incubation timings (i.e., 0.5, 5, 24, 48, and 96 h) of
JSC-1A-vf (Appendix A, Supplementary Material, Fig. S1). Because the
5 mg/ml concentration demonstrated a linearity of the fluorescence
emission, which was relatively high after 48 h incubation timing, these
parameters were selected for testing SMA samples (Fig. S1). The hy-
droxylation of TA in the absence of SMA or JSC-1A-vf (negative control)
was tested and resulted in a negligible reactivity (Fig. S1). Furthermore,
a calibration curve with several concentrations of TA-OH was created to
investigate the linearity interval of the reaction (Supplementary Mate-
rial, Fig. S2). A 1 mM TA-OH solution was prepared in PB. Further di-
lutions were made from this stock solution. For concentrations above
5 pM, the fluorescence of TA-OH saturated the detector.

The SMA samples stored in the inert atmosphere (Xi and Ai) were
manipulated and weighed in the argon-filled glove box to prevent any
contact of the dust with air before suspension in the TA reagent. The dust
was extracted from the glove box in rubber sealed glass vials that were
pierced with a syringe needle containing the buffered TA solution. The
samples exposed to air (Aal-3 and Xal-3) were manipulated under
conventional lab environment.

To investigate further the mechanisms of the reactivity of SMA to-
wards TA, the assay was carried out in oxygenated (4+0O3) and oxygen-
free (—O2) solutions. The —O5 test was carried out in a glove-bag fil-
led with N3 and all the solutions were carefully stripped for ca. 1 h with
high-purity Ny (5.5 grade). To avoid any possible contact with atmo-
spheric Oy, the SMA+TA suspensions were sealed and exposed to air
only after SMA was removed by centrifugation.

2.9. Fenton-like activity assessment via spin-trapping of hydroxyl radicals

The formation of hydroxyl radicals (*OH) in physiological-like so-
lution was assessed by Electron Paramagnetic Resonance (EPR)
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spectroscopy coupled with the spin trapping technique by using a
MiniScope 100 spectrometer (Magnettech, Germany). SMA samples
(10 mg) were mixed with 625 pl of PB (10 mM, pH 7.4), 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO, 34 mM), and H202 (80 mM). The test in-
vestigates the Fenton-like reaction generating oxidized iron and hy-
droxyl radicals from reaction of hydrogen peroxide with the reduced
iron provided by the dust [42]. DMPO acts as the spin trapping agent by
stabilizing the *OH in the [DMPO-OH]* adduct. The suspension was kept
on a vibrating apparatus at 37 °C. After 10, 30, and 60 min, an aliquot of
the suspension (50 pl) was taken with a glass microcapillary and the EPR
spectra was recorded. For samples stored in the inert atmosphere, any
possible air contact was prevented by manipulating and weighing the
milled SMA samples in the argon-filled glove box in sealed glass vials
that were pierced with a syringe needle containing test solutions of PB,
DMPO and H50,. Each tested condition was repeated in at least two
independent experiments. The EPR spectra (Supplementary Material,
Fig.S3) were double integrated to obtain quantitative data with Ori-
ginPro 2023 Academic (OriginLab Corp.) software and the values were
averaged for each tested condition.

2.10. Determination of bioavailable iron

The determination of bioavailable iron was performed according to
previous studies [51]. To evaluate Fe?t release, SMA samples
(0.5 mg/ml) were weighed into glass vials and incubated with 0.5 mM
ferrozine (10 ml). To evaluate the release of total iron (i.e., Fe?* and
Fe3+), SMA samples (0.5 mg/ml) were incubated in a 10 ml solution
containing 0.5 mM ferrozine and 0.5 mM ascorbic acid. The suspensions
were incubated on an orbital shaker at 37 °C and the absorbance of the
FeZ*ferrozine complex (absorption peak at 562 nm) was measured after
10 min, 30 min, 60 min, 24 h, 48 h, and 120 h, with a UV-vis spectro-
photometer (Uvikon 930, Kontron).

2.11. Membranolytic activity

The membranolytic activity of SMA samples was evaluated using red
blood cells (RBCs) purified from sheep blood in Alsever’s solution
(ThermoFisher Oxoid). The RBCs were purified by washing three times
with a saline solution (Eurospital) and centrifugating at 3,200 rcf for
2 min (Rotina 420 R, Hettic Instruments). The RBCs were resuspended
in Phosphate Buffer Saline (PBS, Merck) to a 5 % by volume concen-
tration. The samples were dispersed in PBS to a final concentration of
10 mg/ml, sonicated 2 min in an ultrasound bath (Falc Instruments),
and diluted to the required concentrations. A quartz sample of known
membranolytic and toxic activity, i.e., Min-U-Sil 5 (US Silica Company,
Berkeley Springs, WV, USA), was used as positive reference material
[49,52,53]. PBS and 0.1 % Triton X-100 (Sigma-Aldrich) were used as
negative and positive controls, respectively. On a 96-well plate, each
well was loaded with 150 pl of particle suspensions or controls and 75 pl
of the RBC suspension. The plate was incubated on an orbital shaker at
37 °C for 30 min, then centrifuged at 216 rcf for 5 min. At the end of
incubation, the supernatant was transferred to a new plate and the he-
moglobin released (absorption peak at 540 nm) was analyzed by an
EnSight Multimode Plate Reader UV/vis spectrophotometer (Perki-
nElmer). The % of hemolysis was calculated according to the formula:

(As — AN)

—_— 100 7
A= Ay )

Y%Hemolysis =

where Ag is the absorbance of the SMA sample, Ay is the absorbance of
the negative control (i.e., PBS) and Ap is the absorbance of the positive
control (i.e., 0.1 % Triton X-100).
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3. Results

3.1. Effect of milling on the physico-chemical characteristics of SMA
samples

To expose np-Fe® centers and generate respirable dust, the pristine
SMA samples (Ap and Xp) were ball milled in a planetary mill under an
inert atmosphere (Ar, pO2 < 0.5 ppm, pH20 < 0.5 ppm), simulating the
lunar atmosphere. A fraction of the milled SMA samples was stored in
the inert atmosphere (Ai and Xi), while another was exposed to air (Aa
and Xa) (Fig. 1 A). Both fractions were used for surface reactivity tests.
However, the solid state characterization was performed on air-exposed
milled SMA particles (Aa and Xa) and compared to their respective
pristine, non-milled dust (Ap and Xp). This approach accounts for the
fact that dust oxidative ageing affects only the uppermost atomic layers
of SMA, without altering its bulk structure.

The morphological analysis carried out by FE-SEM showed that
pristine SMA particles (Ap and Xp) are characterized by irregular surface
structure and size, ranging from a few micrometers to some hundred
nanometers (Fig. 1B). Notably, well-defined cubic structures of ca.
50-150 nm were identified. BSE images showed that these cubic struc-
tures appear much brighter than the rest of the sample. BSE electrons
penetrate deeper into the particles and show differences in average
atomic number as differences in brightness. This suggests the occurrence
of np-Fe® as bright areas on the particle surface, a peculiar characteristic

A

Pristine SMA samples

Inert atmosphere milling
(Ap and Xp)
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of the LDS under study [34]. After milling (Aa and Xa), particle size is
reduced, and the cubes exhibit less defined surfaces.

The SSA of the particles (Fig. 1 C) ranged from ca. 7-8 m2/g for Ap
and Xp, and ca. 4-5 m?/g for milled Aa and Xa. The reduction of the SSA
of both SMA samples after milling may appear counterintuitive since
milling causes a reduction in particle size, thus an increase in the SSA
would be expected. However, pristine SMA samples demonstrated a
residual porosity [34]. As the SSA is due to both the external surface and
the surface due to porosity, the collapse of the pores during milling
processes could determine a reduction of the total SSA. This effect may
explain why pristine SMA shows a total larger SSA than milled SMA.

The reduction in particle size after milling was confirmed by auto-
matic analysis of light microscopy images (FPIA analysis) of the particles
suspended in water. The frequency (%) and cumulative distributions of
the Circle Equivalent (CE) diameter, ie., the diameter of the circle
having the same projected area of the particle image, of pristine vs
milled SMA are reported in Fig. 2. The cumulative distributions of CE
diameters showed a decrease in particle size, especially for sample X
(Fig. 2B). Ap exhibited a very fine particle size distribution, the 94.8 %
of particles showing diameters below the respirable size range of 3 ym
[7,54], thus milling only induced a decrease in size of the larger particles
(in the range 2-10 pm) (Fig. 2A). The cumulative size of Xp was larger
(82.2 % particles < 3 pm), thus milling was more effective in reducing
the overall particle size of type X SMA (Xa) (Fig. 2B).

The XRPD patterns of the pristine SMA samples (Ap and Xp) and the

Milled sample exposed

to air (Aa and Xa) C
Sample  SSA (m?/g)
Ap 7.9
Milled sample stored in Aa 54
inert atmosphere
(Ai and Xi) Xp 71
Xa 36

Fig. 1. (A) Scheme of milling and storing for type A and type X SMA samples. The pristine SMA samples (Ap and Xp) were milled in the inert atmosphere. The milled
samples exposed to air (Aa and Xa) were used for assessing physico-chemical characteristics compared to the pristine particles (Ap and Xp). (B) FE-SEM micrographs
collected via secondary electrons (SE) and backscattered electrons (BSE) of pristine (Ap and Xp) and milled (Aa and Xa) SMA. For type A samples, images were
captured at a lower magnification (100kx) than for type X samples (200k x). (C) Specific surface area (SSA) assessed by BET analysis of the pristine (Ap and Xp) and

milled (Aa and Xa) SMA particles.
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Fig. 2. Frequency (%) and cumulative distributions of the circle equivalent (CE) diameter of type A (A) and type X (B) SMA samples, before (Ap and Xp) and after

milling (Aa and Xa).

milled counterparts (Aa and Xa) is reported in Fig. 3. The collapse of the
zeolite framework following the reduction treatment at 750 °C led to an
amorphous phase that was observed from the broad, weak signal at
about 24° 20 [55]. Only the Ap pattern showed some broad peaks
referring to residual fayalite phase of the pristine zeolite (asterisks at
about 35.8° 20 and 31.6° 26, Fig. 3A). The single sharp peak at 44.5° 26,
which was characteristic of all pristine and milled A and X samples,
corresponds to the 110 plane of the a-Fe® phase (JCPD card. no.
06-0696) [34]. With both Ap and Xp, milling resulted in: i) a decrease of
the intensity of the peak at about 44° 26 due to the iron phase; ii) a
broadening of the same peak, indicating a reduction in crystallite size.
This observation was also supported by calculation of the crystallite size
with the Scherer formula (Table 1). Thus, the milling procedure adopted
led to the exposure of smaller np-Fe0 clusters while preserving their
crystallinity.

To obtain more information on the distribution of iron on the surface
of SMA sample, an XPS survey was performed, and HR spectra were
acquired for pristine (Ap and Xp) and milled samples exposed to air (Aa
and Xa). The survey spectra (Fig. 4) showed the presence of the elements
expected in the structure of the zeolite (i.e., Si, Al, Na, O and Fe) and C,
the latter mostly due to environmental exposure. No Zr signal was
detected in the milled samples, indicating that the milling procedure in
ZrO3 jars did not introduce any sort of contamination on particle surface.
Relative atomic concentrations (at%) (Table 2) were evaluated from HR
spectra (not reported), to obtain values more reliable than the one
calculated from survey spectra, since both pristine samples showed very

A
E
8
>
_‘U;; * * Ap
C
2
£ |
|
I
" Il Aa
M’\"«“”{WMMM*‘*“M‘W"*'Wﬁu\w‘."ww.,u,tw,MM T
T T T T
10 20 30 40 50 60

20 (°)

Table 1

Crystallite size obtained from elaboration of XRPD patterns. FWHM (full width
at half maximum) was used to calculate the crystallite size through Scherrer

equation.
Sample Peak position (20) FWHM Crystallite size (nm)
Ap 44.5 0.158 54
Aa 44.5 0.260 33
Xp 44.5 0.165 54
Xa 44.5 0.261 33

low intensity peaks, especially the ones related to the Fe2p region
(Supplementary Material, Fig. S4). As reported in Table 2, a clear trend
in the amount of iron species available in the first (nominal) 10 nm of
SMA samples is evident. Both milled samples showed a higher amount of
Fe with respect to the pristine ones. In particular, pristine A and X
samples showed 3.8 and 1.3 at% of Fe, respectively, while milled Aa and
Xa samples showed 8.7 and 4.2 at%, respectively. This demonstrated
that milling of SMA produced simulants with a surface richer in Fe than
pristine SMA. Notably, type A SMA showed a larger amount of surface
iron with respect to type X SMA, reflecting bulk assessments that have
been formerly performed [34].
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Fig. 3. XRPD diffraction patterns of type A (A) and type X (B) SMA before (Ap and Xp) and after milling (Aa and Xa).
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Fig. 4. XPS survey spectra of pristine (Ap and Xp) and milled (Aa and Xa) SMA. Fe2p photopeak is quantitatively integrated from HR spectra (Supplementary
Material, Fig. S4) and relative atomic concentration (at%) of Fe is reported. OKLL refers to the Auger transition of oxygen electron.

Table 2
Relative atomic concentration (at%) obtained from XPS-HR spectra.

Sample Relative atomic concentration (at%)

Cls Ols Nals Fe2p Si2p Al2p
Ap 15.9 53.1 1.5 3.8 14.3 11.4
Aa 16.2 53.8 1.4 8.7 10.0 9.9
Xp 31.4 44.8 2.6 1.3 12.2 7.7
Xa 26.0 48.0 1.9 4.2 11.6 8.3

3.2. The oxidant activity of milled SMA is affected by ageing in an
oxidative environment

To assess the reactivity of SMA in terms of generation of reactive *OH
when the dust is inhaled and encounters lung fluids and cells, SMA were
contacted with sodium TA and the formation of TA-OH, which is the
fluorescent product of the addition of *OH on TA [48], was determined.
The experiment was designed to investigate SMA surface reactivity once
the dust is transferred from the oxygen-free lunar environment (initial
state) to the oxidizing life-supporting atmosphere of the interlock
chamber and, eventually, to the habitat module. A scheme of the sam-
ples tested and the timing of exposure to oxidizing atmosphere is pre-
sented in Fig. 5 A. Samples milled and stored in the inert atmosphere (Ai
and Xi) were exposed to conventional lab air for 1 min (Aal and Xal),
72 h (Aa2 and Xa2), and 1 month (Aa3 and Xa3) before testing, to
evaluate the kinetic of surface passivation and simulate oxidative ageing
that may affect LD surface reactivity before inhalation. The lunar dust
simulant JSC-1A-vf was used as internal reference and to optimize
experimental parameters because of its well-known oxidant activity [48,
50] (Fig. S1).

The hydroxylation of TA induced by SMA samples milled in inert
atmosphere (Ai and Xi) and then exposed to air for the different time
points (Aal-3 and Xal-3) is shown in Fig. 5B. Both Ai and Xi, as well as
Aal-3 and Xal-3, strongly induced TA hydroxylation compared to the
negative control and JSC-1A-vf. Ai and Xi showed the highest oxidant

activity. The activity progressively decreased with the exposure time of
SMA to air. Nonetheless, after 1 month of air exposure, type A and X
SMA (Aa3 and Xa3) still exhibited significantly higher oxidant activity
than JSC-1A-vf. To further elucidate the molecular mechanism of TA
hydroxylation by milled SMA, the test was carried out in an oxygen-
deprived environment, using a No-filled glove bag and thoroughly
purging the buffer solution with Ny. When oxygen was stripped out from
the system, the reactivity of SMA Ai, Aa2, and Xa2, and to a lower extent
SMA Xi, was reduced, although not completely suppressed (Fig. 5 C).
The formation of *OH and the effect of the environment on SMA
oxidant activity was also evaluated in biological-relevant media, con-
taining PB (physiological pH= 7.4), DMPO as spin trapping agent, and
H,0,. The generation of *OH in the presence of H,O» mimics reactions
that might occur when particles encounter the oxidative environment of
body fluids, inflamed tissue, and cellular structures, including the
lysosomal fluid within alveolar macrophages and polymorphonuclear
cells, which are involved in particle clearance in the lungs [56].
Hydrogen peroxide may react, via the Fenton reaction, with
redox-active transition metal ions at the particle surface (e.g., Fe?t)
inducing the formation of *OH [50]. The EPR signal of the [DMPO-OH]*
adduct generated by SMA particles was recorded at 10, 30 and 60 min
after starting the incubation with DMPO and H0 (Fig. S3). In Fig. 6,
the double integration of the EPR signal for the milled SMA preserved in
the inert atmosphere (Ai and Xi) and the air-exposed samples (1 min-
Aal and Xal, 1 month- Aa3 and Xa3) is reported. As observed in the TA
assay, the SMA samples Ai and Xi showed the strongest generation of
°*OH radicals, especially in the first minutes of incubation, the amount of
°OH gradually decreasing over 1 h. Notably, the generation of *OH
induced by SMA samples drastically decreased when the particles were
exposed to air for 1 min (Aal and Xal). Exposing the SMA samples to air
for a longer time (1 month, Aa3 and Xa3) did not further decreased the
°OH generation with respect to short time exposure (1 min, Aal and
Xal), indicating that surface passivation and reactivity is blunted almost
instantly after contact with the oxidant environment. It should be
considered that, despite the great decrease, the Fenton-like *OH radical
generation induced by SMA samples exposed to air was intense and



C. Pavan et al.

Journal of Hazardous Materials 492 (2025) 138096

SMA samples milled and Air exposure time SMA samples milled and
stored in inert atmosphere exposed to air
(Ai and Xi) :
1 minute
—_— Aa1 and Xa1
&
Zhoun Aa2 and Xa2
&
L Aa3 and Xa3
@
B 1200 C 1200
5 3
4 & -
% 1000 - ~ 1000
€ €
5 3
o 800 N "
3 3
N N
tl? 600 - <|"|>
§ 5
X F
.\<_:’ 400 5‘”
c c
2 ko)
§ 2005 &
S S
Ll Ll

Ai Aal Aa2 Aa3 Xi Xal Xa2 Xa3 JSC NC

+ - + = + - + - 0,
Ai Aa2 Xi Xa2

Fig. 5. (A) Scheme representing the air exposure times of the SMA samples milled in an inert atmosphere. (B) Effect of the atmospheric environment on TA hy-
droxylation by milled SMA particles. Fluorescence intensity of TA-OH incubated for 48 h with milled SMA particles (5 mg/ml) stored in the inert atmosphere (Ai and
Xi) or exposed to air for 1 min (Aal and Xal), 72 h (Aa2 and Xa2) and 1 month (Aa3 and Xa3). JSC refers to JSC-1A-1v and is used as positive reference material. NC
refers to negative control (i.e., media without dust). (C) Effect of an oxygen-deprived atmosphere on TA hydroxylation by milled SMA particles preserved in an inert
atmosphere (Ai and Xi) or exposed for 72 h to air (Aa2 and Xa2). The mean =+ standard deviation (SD) of three independent experiments is reported.
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Fig. 6. Kinetics of Fenton-like *OH radical generation in solution from milled SMA particles stored in the inert atmosphere (Ai and Xi) and exposed to air for 1 minute
(Aal and Xal) and 1 month (Aa3 and Xa3). Milled SMA particles (16 mg/ml) were incubated in PB (10 mM, pH 7.4), H,0,, and DMPO as spin trapping agent. EPR
spectra were recorded at 10, 30 and 60 min and the signal double integrated to obtain radical amount. NC refers to negative control (i.e., media without dust). The

mean =+ SD of two independent experiments is reported.

stable over time, if compared to the negative control.

Overall, these results showed the relevance of the atmospheric
environment to the oxidant activity of SMA samples. Both type A and
type X SMA showed similar trends of activity, albeit Xi appeared less
affected by Oy for TA hydroxylation. We thus hypothesized that the
atmospheric environment could affect the state of redox-active iron at
the particle surface that may or may not catalyze the Fenton reaction. In

fact, only reduced Fe can catalyze *OH radical formation, while Fe>*
ions are not active. To confirm this hypothesis, bioavailable iron, i.e., the
Fe atoms that can be leached in ionic form from the SMA surface, was
assessed.
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3.3. The atmospheric environment affects the bioavailable iron state on
SMA particle surface

To gain information on the iron speciation at the uppermost atomic
layer of SMA, we quantitatively evaluated the release in aqueous solu-
tion of total (Fe® + Fe*" + Fe®") and reduced (Fe® + Fe?*) iron atoms
over time. The kinetics of the release of total or reduced iron species
from milled SMA samples were evaluated with the chelator ferrozine/
ascorbic acid or ferrozine alone, respectively. The release of total or
reduced iron in a short time (over 60 min) is reported in Fig. 7A and B,
respectively. Milled SMA samples stored in inert atmosphere (Ai and Xi)
induced a rapid release of both total (Fig. 7A) and reduced (Fig. 7B) iron
that attained the maximum (ca. 11-16 ng/ml) after 5 min of incubation.
Being the kinetics of total and reduced iron release very similar, this
indicates that most of the bioavailable iron in SMA stored in inert at-
mosphere occurs as reduced iron, which includes both leachable Fe?*
and Fe® that is oxidized by molecular oxygen dissolved in solution.
Milled SMA samples exposed to air (1 month, Aa3 and Xa3) induced a
slightly slower release of total iron compared to samples stored in inert
atmosphere (Fig. 7A), attaining the maximum after ca. 30 min. Notably,
for Aa3 and Xa3, the release of reduced iron over 60 min was very low
(Fig. 7B). This suggests that in the short time (60 min) almost all the
released iron from these samples is in the form of oxidized iron (Fe*H). In
60 min, the kinetic trends of both total and reduced iron release were
comparable between the two SMA samples, when stored in the same
conditions (i.e., Ai vs Xi, and Aa3 vs Xa3).

At longer incubation times (up to 120 h) (Fig. 7C and D), the total
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iron release trends for samples in inert atmosphere or exposed to air
became almost superimposable (Fig. 7C), but the kinetics of reduced
iron release differed significantly for Aa3 and Xa3 compared to their
counterparts in the inert atmosphere (Fig. 7D). For Xa3, the reduced iron
level increased to match the total iron (ca. 14 ng/mg) after 24 h,
whereas, for Aa3, the reduced iron level remained low throughout the
incubation period (max ca. 7 ng/mg at 120 h).

3.4. Milled SMA particles do not induce membranolysis

Cell membrane damage, a possible toxic outcome of LD-generated
ROS, was evaluated on RBCs incubated with increasing doses of mil-
led SMA particles stored in inert atmosphere (Ai and Xi) or exposed to air
(Aa and Xa). RBCs are largely used as an in vitro proxy of toxicity
mechanisms associated with cell membrane damage and particle-
induced inflammatory response by particulates, and to evaluate the
biocompatibility of materials in general [42,43]. Because RBCs are
non-internalizing cells, the interaction with SMA particles is confined to
the outer lipid bilayer of the RBC cytoplasmatic membrane, which acts
as a probe of membranolytic sites on particle surface [45,57]. The quartz
Min-U-Sil 5 was used as a positive reference material because of its
well-known membranolytic and pathogenic activity [49,53]. All SMA
samples, independently from the atmospheric environment to which
they were exposed, did not cause RBC lysis (i.e., hemolysis) at any dose
investigated (Fig. 8). Possible interference due to hemoglobin adsorp-
tion by SMA particles was preventively checked (Supporting Material,
Fig. S5), and none of the SMA samples significantly adsorbed
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Fig. 7. Short (up to 60 min) (A, B) and long-time (up to 120 h) (C, D) kinetics of bioavailable iron, (A, C) total iron and (B, D) reduced Fe?*, in aqueous solution
from milled SMA particles stored in inert atmosphere (Ai and Xi) or exposed to air (for 1 month, Aa3 and Xa3). The mean + SD of two independent experiments (two
replicates for each experiment) is reported.
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Fig. 8. Membranolytic activity (% hemolysis) of the milled SMA particles.
Increasing concentrations (i.e., 0.3, 0.6, 1.2, 2.5, 5 and 10 mg/ml) of milled
SMA particles stored in inert atmosphere (Ai and Xi) or exposed to air (Aa and
Xa) were incubated for 30 min with purified sheep RBCs. Quartz was used as a
positive reference particle. Values reflect the fraction of the total hemoglobin
content released and are reported as mean =+ SD of three independent
experiments.

hemoglobin.
4. Discussion

The toxicity of lunar dust (LD) has been identified as a significant
challenge to ensuring human health and enabling sustained activities on
the Moon [6,13]. Due to the limited availability of real LD samples, most
research in this field depends on the use of lunar dust simulants (LDS)
[29]. Two recently synthesized LDS, i.e., SMA A and X [34], containing
nanophase iron (np-Fe®), were here used to investigate the effect of the
atmospheric environment on their surface reactivity and capacity to
induce oxidative stress. The presence of np-Fe® in a glassy silicate matrix
is indeed a peculiar feature of real LD [9-11], possibly involved in its
cytotoxic and inflammatory effect [7,24,25]. In our hypothesis, the
oxygen- and water vapor-free lunar environment may enhance the
reactivity of these iron centers that are formed and exposed on LD sur-
face during micro-meteorites bombardment. The lunar environment was
recreated at lab scale by milling the two pristine SMA samples (Xp and
Ap) in an argon-sealed jar. The milled SMA particles were stored in
argon (Ai and Xi, initial state) or exposed at different time points to air
(Aa and Xa), to simulate the surface passivation that might occur to LD
upon admittance of the dust to the life-supporting atmosphere of the
interlock chamber.

The milling procedure effectively reduced the size of pristine SMA
particles down to the size of real LD (95 % < 10 pm) (Figs. 1 and 2), as
recently confirmed by the Chang’e 5 mission returned samples [58]. The
larger particle size fraction was reduced toward the respirable size
range, particularly for Xp, which initially exhibited a larger size than Ap
(Fig. 2B). The very fine nature of LD accounts for its relevant impact on
the human respiratory apparatus, as most of the particles are virtually
able to penetrate the unciliated airways [54,59].

Furthermore, milling increased the amount of iron clusters exposed
on the surface of the SMA glassy matrix, as confirmed by XRD and XPS
data (Figs. 3 and 4, Tables 1 and 2). This agrees with findings on isolated
respirable-sized real LD, where the concentration of np-Fe’ domains
increased as particle size decreased to 2 pm [60]. SEM imaging of the
pristine SMA particle surface revealed well-defined cubic structures of
ca. 50-150 nm (Fig. 1). Due to their higher brightness in BSE imaging
compared to the matrix, these cubic structures were consistent with the
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occurrence of np-Fe®. Very similar observations have been made on a
real LD, where np-Fe® spherules appeared as bright areas in BSE images
[60]. SEM/BSE imaging (Fig. 1) and XRD data (Fig. 3 and Table 1)
showed that milling altered the surface regularity of the cubic structures
and reduced the size of np-Fe® crystallites, while preserving their
crystallinity.

The impact of the atmospheric environment on the ability of SMA
particles to induce oxidative stress, as demonstrated by TA hydroxyl-
ation (Fig. 5), revealed that SMA particles milled and stored in inert
atmosphere (Xi and Ai) strongly induced the generation of *OH in
aqueous solution (Fig. 5B), without the need for external catalysts such
as UV irradiation or hydrogen peroxide, which are typically required to
promote Fenton reaction [61,62]. This intrinsic reactivity signals the
availability at SMA surface of np-Fe® with high specific surface area and
electronic properties that may facilitate rapid electron transfer pro-
cesses. The hydroxylation of TA was markedly decreased, though not
completely inhibited, when the reaction was carried out in an
oxygen-deprived environment (Fig. 5 C). This highlights the essential
role of oxygen in the hydroxylation reaction of TA and confirms the
Fe’-driven mechanism that requires molecular O,. The reduction of O»
by Fe® (Eq. 2) [35,36] or by Fe? corrosion products (Egs. 4-6) [37-40]
leads to the formation of Fenton reactants, which in turn produce *OH
species through the Fenton reaction (Eq. 1).

The *OH can promote an addition on TA ring to form the hydroxyl-
ated fluorescent 2-hydroxy TA product. The chemistry of heterogenous
Fenton systems, in which soluble Fe?" is replaced by Fe-containing
solids, is of considerable interest for environmental remediation pro-
cesses, offering the possibility to operate at near neutral pH and to
recycle the iron promoter [63]. Indeed, in nano zero-valent iron systems,
Fe3* is rapidly recycled back to Fe?* at the surface of the Fe® nano-
particulate [36]:

OFe®" + Fe®—3Fe** (€)

This peculiarity may explain the high reactivity of our SMA dusts,
even after long incubation time, as the presence of np-Fe® can act as an
electron-donor reservoir, slowly releasing dissolved Fe*t [63,64].
Milling SMA powder might also produce an increase in activity for the
Fenton-like reaction, as reported for FeO/Fe304 composites [63,64]. It is
noteworthy that a residual hydroxylation of TA persisted in an
oxygen-free environment, particularly for Xi. A limited number of
studies have tried to demonstrate how nano zero-valent iron can reduce
organic molecules under oxygen-deprived conditions, even at neutral
pH, through direct or indirect mechanisms [65]. However, discussing
our present results in the light of those mechanisms would be rather
speculative due to the complexity and inherent differences between the
investigated systems.

When milled SMA dust was exposed to air (Aa and Xa), TA hydrox-
ylation decreased in a time-dependent manner (Fig. 5B). The impact of
air exposure was evident as early as 1 minute, with a significant
reduction observed after 72 hours and a more pronounced decline after
1 month. This decrease could be due to passivation of surface np-Fe® by
atmospheric Oy forming Fe oxides [66]. Despite this decrease in TA
hydroxylation, the oxidant activity of SMA dust remained higher than
that of JSC-1A-vf, even after 1 month of air exposure. This finding
highlights the critical role of np-Fe® clusters in driving the generation of
*OH radicals, as JSC-1A-vf lacks the np-Fe0 inclusions [33,34], and
underscore the relevance of using high fidelity LDS to accurately eval-
uate the potential health hazard associated with LD.

Release of Fenton-like *OH radicals, as assessed by EPR/spin trap
experiments using HpO» (Fig. 6), consistently showed a strong release
from samples preserved in inert conditions (Xi and Ai) and a strong
decrease (Aa and Xa) when SMA samples were exposed to air. The ki-
netic of Fenton-like *OH radical generation of Xi and Ai showed a dra-
matic decrease over 1 h. During this time, the samples were maintained
in contact with the reagents, and a rapid consumption of FeZ",
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associated with passivation of np-Fe® surface by oxidized iron com-
pounds, i.e., oxides/hydroxides formed in the presence of Oz [66], and a
quenching effect of the DMPO-OH radical by Fe?* [67] might have
occurred. The Fenton-radical activity of milled samples was reduced
almost instantly (1 min, Aal and Xal) after contact with the oxidant
environment. This might not seem entirely consistent with TA hydrox-
ylation results, where radical activity decreased only slightly when
samples were exposed to air for 1 minute. However, it should be
considered that the two tests were conducted with different sample in-
cubation times and in a different reaction environment. Specifically,
while the spin trap approach measures the *OH radicals formed in the
initial minutes of sample contact with an oxidative regent (+H202), the
TA test quantifies radicals that formed over a 48-h long incubation time,
in a solution where the only reducible species is dissolved molecular O,
for a pH > 4. Moreover, the highest sensitivity of the TA test in the micro
molar range (Supporting Material; Fig. 52), as compared to the detect-
able spin adduct DMPO-OH in the millimolar range [68], may support
further the differentiated and complementarity of the two reactivity
measures. As observed for TA hydroxylation, despite the significant
decrease, the Fenton-like *OH radical generation induced by samples
exposed to air remained intense and stable over time, even after 1 month
(Aa3 and Xa3) (Fig. 6). As mentioned above, this may be ascribed to
np-Fe®, which can act as an electron-donor reservoir, gradually releasing
dissolved Fe?* [63,64].

The determination of bioavailable iron (Fig. 7) supported this hy-
pothesis. Variations in radical activity could be attributed to the pres-
ence of iron in different oxidation states, whose speciation depends on
SMA type and the atmospheric environment to which the particles were
exposed. SMA milled in inert atmosphere only released Fe?" (Fig. 7A-D),
either from leaching of oxidized np-Fe® or Fe?* at the particle surface.
The release of iron ions from the air-exposed samples was initially very
slow and occurred mostly as Fe3+(Fig. 7A and B), which is not active in
Fenton reaction. After 24 h, the release of Fe?>' by Xa3 paralleled the
total iron. Fe?" was gradually released (ca. 24 h) also from Aa3, albeit
Fet never attained the total iron level (Fig. 7C and D), indicating that
even at long incubation time, a fraction of iron is still Fe>*. This dif-
ference between Xa3- and Aa3-induced Fe®" release (Fig. 7C and D)
should explain the observed differences in TA hydroxylation from X and
A measured after 48 h of incubation (Fig. 5B). The different cage
structures of the two starting zeolites could have determined distinct
mechanisms for the release of Fe> during long incubation times in
aqueous suspension, with X showing more Fe?* and a higher radical
activity compared to A, even when air exposed (Fig. 5B). This might also
explain why X is less affected by O, for TA hydroxylation (Fig. 5 C),
having intrinsically a higher reducing capacity (higher Fe?" release).
The analogous release trend of Fe?>* by Aa3 and Xa3 in the very short
timing (< 1h) (Fig. 7A and B) should explain the similar release of
Fenton-like *OH radicals from Aa and Xa (Fig. 6).

Despite the strong capacity of milled SMA particles to induce
oxidative stress, none of these materials was able to cause RBC mem-
brane damage, contrary to other particulates, such as highly toxic
respirable crystalline silica dust [45,53]. This data mechanistically
confirmed the lack of relationship between radical release and mem-
branolysis induced by particles [53] or 2D materials [42], suggesting
that possible pathway of LD toxicity may mostly reside on their potential
to induce cellular oxidative stress.

5. Conclusions

We provided a high-fidelity lunar dust simulant featuring particles in
the respirable size and freshly exposed nanophase iron (np-Fe®). The
presence of np-Fe® within the samples, along with their ability to form
Fe?* and function as heterogenous Fenton system, appeared to be the
primary mechanism driving hydroxyl radical release in a biological
mimicking solution, with the crucial contribution of dissolved O,. This
effect was notably higher in samples stored in an inert environment,
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which prevented iron oxidation. Oxidative ageing led to a time-
dependent decrease in the ability of the studied dust simulant to
generate hydroxyl radicals, because of surface passivation induced by
the oxidative atmosphere. In support of these observations, most exist-
ing lunar simulants, including JSC-1A, do not contain np-Fe® and
showed a much lower release of radicals in solution. Further studies may
aim to assess the effect of the atmospheric environment on LD cellular
oxidative stress and toxicity mechanism.

Environmental implications

Lunar dust (LD), composed of fine particles on the Moon’s surface
akin to Earth’s mineral dust, poses significant health risk to astronauts.
Its ability to infiltrate the respiratory system and cause damage stems
from its complex origin and specifically from the peculiar occurrence of
nanophase metallic iron (np-Fe®) embedded in a glassy silicate layer.
However, the toxic action of LD remains poorly understood due to the
scarce availability of returned samples and the complexity of handling
the dust in its pristine state. In this study, we developed a novel high-
fidelity lunar dust simulant doped with np-Fe® to explore its surface
biochemical reactivity. By investigating oxidative stress mechanisms
and oxidative ageing in a life-supporting atmosphere, we identified
fundamental mechanisms of LD chemical reactivity and new potential
pathways for its toxic effects. Our results have significant environmental
implications, offering essential guidance for protecting astronauts’
health during lunar missions and advancing sustainable practices for
human space exploration.
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