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Abstract

Many layered crystal phases can be exfoliated or assembled into ultrathin two-dimensional (2D)
nanosheets with novel properties not achievable by particulate or fibrous nanoforms. Among these
2D materials are manganese dioxide (MnQO,) nanosheets, which have applications in batteries,
catalysts, and biomedical probes. A novel feature of MnO, is its sensitivity to chemical reduction
leading to dissolution and Mn2* release. Biodissolution is critical for nanosafety assessment of 2D
materials, but the timing and location of MnO, biodissolution in environmental or occupational
exposure scenarios are poorly understood. This work investigates the chemical and colloidal
dynamics of MnO, nanosheets in biological media for environmental and human health risk
assessment. MnO, nanosheets are insoluble in most aqueous phases, but react with strong and
weak reducing agents in biological fluid environments. In vitro, reductive dissolution can be slow
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enough in cell culture media for MnO, internalization by cells in the form of intact nanosheets,
which localize in vacuoles, react to deplete intracellular glutathione, and induce cytotoxicity that is
likely mediated by intracellular Mn2* release. The results are used to classify MnO, nanosheets
within a new hazard screening framework for 2D materials, and the implications of MnO,
transformations for nanotoxicity testing and nanosafety assessment are discussed.
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1.

Introduction

As we enter a new decade, it may be appropriate to reflect on progress in the field that we
now refer to as “nanosafety”.[1:2] Over 15 years of intensive research has taken place in
academic, government, and industry laboratories, on hundreds of different nanomaterials,
and covering aspects of this complex issue that include nanomaterial release, environmental
fate and transport, material transformations, exposure, safe design,[2-4] and biological
responses1>:6] from a wide array of in vitro and in vivo model systems.[”] This work has
provided a wealth of scientific information that has guided policy and regulation,[8%] and
helped distinguish real risks from the many potential risks considered in the early days of
nanotechnology development.[19-12] Nanotoxicologists have proposed various screening
strategies that involve grouping and prioritizing nanomaterials for further testing prior to
widespread commercialization.[13-15] Screening approaches have been applied to case
studies based on carbon nanomaterials, metal oxides, amorphous silica and pigments.[16:17]

In parallel to this nanosafety work, the nanosynthesis field has advanced rapidly to
demonstrate wholly new classes of materials, challenging nanosafety researchers to keep
pace. One of those classes is atomically-thin, sheet- or plate-like particles: the so-called
“two-dimensional” (2D) materials. The 2D material field has now moved beyond graphene,
now including a very large number of new nanosheet materials with chemical and
morphological diversity.[*8] The number of layered crystals, from which new 2D materials
may be created by exfoliation, has been computationally estimated at 6,000,191 making
systematic hazard screening difficult, time consuming and costly. To address this challenge,
an early hazard screening framework has been recently proposed for 2D materials.[20] The
screening method uses simple biodissolution kinetic studies in reactive media specially
chosen for each material to match chemically feasible degradation pathways, either
oxidative, reductive, or non-redox. Reactive dissolution and in vitro toxicity tests on the
nanosheets and their degradation products allow grouping of materials into four classes: A,
potentially biopersistent; B, slowly degradable (>24-48 hours); C, biosoluble with
potentially hazardous degradation products; and D, biosoluble with low-hazard degradation
products.[20] Performing this classification can accelerate hazard identification and safety
assessment by: (i) prioritizing a subset of persistent materials (Class A,B) for more detailed
toxicity testing on the specific nanomaterial form in question, (ii) identifying materials that
are less likely to pose important health risks (Class D) and (iii) finding a set of materials
(Class C) for which the hazard assessment can avoid extensive nanotoxicity testing and
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instead use existing data on the chemicaltoxicity of soluble degradation products. The
present article focuses on the biodissolution of manganese dioxide (MnQO,) nanosheets as a
new case study in the development and validation of the framework.

Manganese dioxide materials are currently used in applications that include cathodes in
alkaline and lithium-ion batteries and liquid-phase catalysts.[2223] In 2010, over 130,000
metric tons of single-use alkaline batteries were estimated to have been shipped to the
United States.[24] Substantial research efforts are now focused on substituting particulate
MnO, with 2D MnO, nanostructures to improve performance.[2526] Recently, MnO,
nanosheets have been developed as gas-phase catalysts and as electrodes for
pseudocapacitors.[27-33] MnO, nanosheets also have potential biomedical applications for
cellular glutathione (GSH) detection,[34] intracellular microRNA detection,[3%] tunable MRI
contrast agents[38] and drug delivery platforms.[37]

Manganese is an essential trace metal for all living organisms[38] that is required for
antioxidant defense in mitochondria, intermediary metabolism and normal development.[3°]
In vertebrate animals, uptake of manganese is mainly from the diet and only ~5% is
absorbed from the intestine. Manganese homeostasis is tightly regulated in the
gastrointestinal tract and excreted by the liver into the bile and by enterocytes into the small
intestine.[40.41] Manganese is stored in the liver, kidneys, brain and bonel42] and excess
manganese accumulation from occupational or environmental sources can induce toxicity
affecting the brain and liver, especially in neonates.[4243] Inhalation of airborne manganese
particles into the lungs can deliver manganese directly into the circulation and particles may
translocate to the brain via the olfactory bulb, by-passing the blood-brain barrier and
homeostatic mechanisms in the liver and the central nervous system.[4445] Miners, smelter
workers, millers, welders and battery workers are at risk for development of adverse
neurobehavioral effects and the clinical syndrome called manganism following inhalation of
manganese particles and manganese-containing fumes.[3846.47]

Manganese is a transition metal with multiple oxidation states, of which Mn3* and Mn?* are
most common in biological systems.[4€] Mitochondria are the major target of manganese
toxicity where it inactivates key enzymes involved in oxidative phosphorylation, metabolism
and calcium and iron homeostasis.[4248] Manganese is redox active and can cause secondary
toxicological effects through the generation of excess intracellular reactive oxygen species.
[49.50] Manganese oxide particles and nanomaterials may enter aquatic environments through
wastewater treatment plant effluents, direct release from products containing engineered
nanomaterials (ENMSs), run-off from terrestrial sources or through atmospheric releases.
[51.52] While the natural level of manganese in freshwater ranges from 0.01-10 mg/L,[53]
manganese levels at contaminated sites in the Brazilian Amazon Basin have been measured
as high as 264 mg/L.[54] Manganese exists in the aquatic environment in two oxidation
states: Mn2* (soluble) and Mn“* (particulate). Interconversion between these two forms can
occur in nature due to bacteria-catalyzed oxidation and metal reducing microorganisms.[3l
Fish serve as a valuable indicator species for both the detection of contaminated freshwater
ecosystems and identifying potential toxicity of pollutants. Tjalve et al.[5%] showed that
manganese ions can bypass the blood-brain barrier and enter the brains of live fish through
the olfactory bulbs. Manganese ions also accumulate in the gills, liver and kidney of fish,
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(56,571 resulting in the generation of reactive oxygen species, oxidative damage and
impairment of mitochondrial activity.[56:58-60]

Another lesson from the last decade of nanosafety research is the importance of
nanomaterial biotransformations.[61] As biological systems respond to nanomaterial
exposures, nanomaterials themselves can also “respond” to their exposure to biological
environments. This material “response” can take many forms, including degradation,
dissolution, surface modification, or chemical reaction with bulk phase change that
fundamentally alters the nature of the material toxicant that encounters the target receptor.
Understanding material biotransformations can be key to the design of in vitro toxicity tests,
if we want them to accurately reproduce the specific toxicant form that is present in the
modelled exposure scenario.

In the case of MnO, nanosheets, dissolution in environmental or biological systems can
release potentially toxic ions including Mn2*, and it may be unclear whether toxicity is
associated with the as-produced nanosheet or soluble dissolution products,18] as described
previously for silver nanoparticles.[62-64] The biodissolution of MnO, and its classification
in the 2D material hazard screening framework[20] presents an interesting case study. MnO,
is reported to be highly insoluble in water,[¢°] but capable of reductive dissolution in the
presence of electron donors to release Mn?* ions accompanied by material degradation. The
timing, location, and biomolecular reaction partners for this MnO, reductive dissolution
process in unintended exposure scenarios is poorly understood, but is critical for hazard
identification and risk assessment and management. The present study characterizes the
chemical reaction dynamics and colloidal dynamics of MnO5 nanosheets in biological media
and discusses their implications for environmental risk, human health risks, and in vitro
nanotoxicity testing and nanosafety assessment.

Results

Self-assembled MnO, nanosheets were chemically synthesized for this study and their
atomic and geometric structure were characterized (Figure 1). They have lateral dimensions
ranging from about 100-300 nm and are approximately equi-axed in plane (having X-Y
aspect ratios near unity). Most have thickness from 1-3 nm and are thus a mixture of
monolayer and few-layer nanosheets. Some of the nanosheets are flexible, showing
spontaneous wrinkling and folding on TEM grids (Figure 1B), and are revealed by X-ray
diffraction to be the &§-phase MnO, (Figure 1C), a layered phase of interest for new
pseudocapacitor electrodes.[66.67] Overall this surfactant templated growth method[32]
produces a high-quality, uniform model product material suitable for nanosafety studies.
Structural information on the MnO,, particulate (non-2D) reference material used in this
study is found in Figure S2.

Figure 2 shows the dynamic colloidal behavior of MnO, nanosheets when introduced into a
range of agueous media. The nanosheets form stable suspensions in nanopure water, but
slowly agglomerate in phosphate buffered saline (PBS) or simulated moderately hard water
(MOD) over the course of 60 min (Figure 2A). The zeta potential of the 2D MnO> in
nanopure water is =37 mV, which is generally thought to be sufficient to establish colloidal
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stability through electrostatic repulsion.[68] lonic charge screening[®®.701 s the likely cause
of the observed agglomeration in the salt-containing MOD and PBS phases, as indicated by
zeta potential values that rise to about —20 mV in those media (Figure 2C). The pH
dependence of zeta potential is shown in Fig. 2D for both the nanosheets and particles. Both
physical forms of MnO, show negative surface charge across the entire pH range studied (3
to 10). Full compositions of MOD and PBS are found in Table S1 through S6.

Toxicological screening of engineered nanomaterials is carried out using a variety of target
cells in vitro.[571.72] Serum is commonly added to media in cell culture studies to provide
essential nutrients to the cells although it adds additional complexity for interpreting
experimental results. The 2D MnO, nanosheets are observed to agglomerate rapidly (<5
min) and settle in serum-free cell culture media, which is consistent with their saline based
(~100mM NacCl) formulation. The addition of fetal bovine serum (FBS) to these three cell
culture media stabilizes the nanosheet suspensions allowing dynamic light scattering (DLS)
screening analysis to show no significant agglomeration over one hour (Figure 2B). While
increases in DLS measured hydrodynamic size increases can be interpreted as agglomeration
and colloidal instability, decreases in size or loss of signal may be attributed to dissolution.
Data in Figure 2 data give no indication of significant dissolution in these media, therefore,
direct measurement of soluble manganese (rather than particle size monitoring) is required
for accurate characterization of biodissolution (vide infra). Similar results were observed for
the reference particulate MnO, material (Figure S2).

The results in Figure 3 characterize the chemical dynamics of MnO, nanosheets in a set of
biological media relevant for safety assessment. Dissolution Kinetics were studied by time-
resolved measurement of total dissolved Mn by ICP-OES following removal of unreacted
solids by ultrafiltration.[”3] No significant dissolution of 2D nanosheets occurs in simple
aqueous phases (Figure 3A) over 72 hrs. The nanosheets were also stable in Roswell Park
Memorial Institute Media (RPMI) and Eagle’s Minimum Essential Media (EMEM), but
showed a slow, gradual and partial dissolution over 72 hrs in Leibovitz’s L15 cell culture
medium (Figure 3B). The MnO, particle reference sample showed qualitatively similar
behavior in both simple and complex media (Figure S4, Figure S5), again showing slow and
partial dissolution only in L15 medium. The addition of individual biological antioxidants
(cysteine, glutathione (GSH), or ascorbate) to either L15 or to PBS led to rapid (~5 minto 1
hr) and complete dissolution of 2D MnO, (Figure 3D). These rapid kinetics indicate that the
observed much slower kinetics in L15 cannot be due to the presence of either of these two
antioxidants (Figure 3B, 3C). Further, when the oxidized form of the amino acid cysteine
(cystine, inactive) was added to L15 medium, no dissolution was observed (Figure 3C),
consistent with the expected reductive nature of MnO, dissolution.[74]

To explore the slow (72 hr) partial dissolution process in L15 cell culture medium, we
conducted amino acid profiling of the cell culture medium before and after acellular
exposure to MnO, materials under a variety of conditions. Amino acid concentrations were
measured after 72 hr exposure, to assess the cumulative effects of media exposure due to
slow reaction over the full course of the experiment (Figure 3E). Amino acid concentrations
were also measured during short-time exposures (10 min) to assess the relevance of physical
adsorption of amino acids onto MnQ, surfaces, which can deplete solutes in free solution
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rapidly due to the absence of an activation energy barrier. Most conditions have a negligible
effect on L15 medium composition, but there are important exceptions such as lysine,
histidine, and arginine, which show subtle but significant depletions after only 10 min
exposure (Figure 3E, Table S8). After 72 hr exposure to the high concentration of MnO,
nanosheets, tryptophan and tyrosine were depleted much more than the other amino acids.
We were particularly interested in concentration differences arising between the 10 min
“starting point” and the 72 hr time point (after any physical adsorption had occurred, but
before a significant fraction of MnO, had chemically reacted). Such a difference would
reflect any effects of the gradual MnO, dissolution process seen in Figure 3B,C. Statistically
significant (p<0.005) depletion of tyrosine, tryptophan, and methionine was observed
between the 10 min and 72 h timepoints; all for the 2D nanosheet (not reference particle)
cases and all at the high materials concentration (1 mg/ml) (Figure S6, Table S9). These
three amino acids are among the six most easily oxidized amino acids,[7>76] based on the
reduction potentials of their single electron oxidation products at pH 7 (an approximation of
physiological conditions).[7>] These amino acids are also cited as among the most
susceptible to oxidative damage during storage and use.[76] Further, tyrosine, tryptophan and
methionine showed the three highest rate constants as electron donors for repair of DNA
guanyl radicals[’5] among the amino acids profiled here. It is interesting that the unreactive
amino acids lysine, histidine and arginine, which all show subtle but significant depletion
after 10 min, also possess net positive charge under physiological conditions. Knowing the
MnO, nanosheets are negatively charged at physiological conditions (Fig. 2C, D), we
propose that these amino acids show the most significant amount of physical adsorption on
MnO, nanosheets, and an important driving force for this physical adsorption is electrostatic
attraction. Overall, the patterns observed for 15 amino acids before and after incubation with
MnO,, are consistent with the main dissolution process being slow chemical reduction of
MnO,, through redox reactions involving multiple weak reducing agents in L15 cell culture
medium.

Glutathione is a key biological antioxidantl’7.78] whose direct interaction with MnO, and the
resulting dissolution products deserves closer study. Figure 4 shows the time-dependent
depletion of glutathione in an acellular assay, in which 1 mM GSH in PBS is mixed with
MnO, nanosheets, particles, or soluble MnCl, individually and the unreacted GSH measured
with Thiol Fluorescent Probe 1V (Millipore). The MnO> solids, but not soluble MnCl,
(Mn2* jon), are observed to deplete GSH in a time-dependent manner relative to the
untreated control (Figure 4A). Glutathione reductase is an essential enzyme responsible for
recycling oxidized glutathione disulfide (GSSG) back to its reduced form (GSH).[7°]
Following depletion by MnO> solids, the GSH can be fully recovered by addition of the
enzyme glutathione reductase and its cofactor NADPH, indicating that the GSH oxidation
product is the disulfide, GSSG (Figure 4B). Further oxidation beyond the disulfide (e.g. to
sulfenic acids) are typically irreversible, further supporting that the recovery is through the
conversion of GSSG to reduced GSH.[89:81 |t is noteworthy that the extent of GSH
depletion in Figure 4 is greater than can be accounted for by direct reaction with MnO» as a
stoichiometric oxidant at the solids loading used, suggesting some additional contribution
from catalysis of the O,-GSH reaction.[82]
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The reductive transformation of MnO, nanosheets in biological fluids, and the timing and
location of those reactions that degrade the 2D sheets and release MnZ* ion, are expected to
affect cellular uptake, biological effects, and toxicity. We chose to study the location and
timing of MnO, reductive dissolution in an in vitro system using the fish gill cell line,
RTgill-W1 cultured in L15 cell culture medium. Fish gills are delicate, highly-vascularized
tissues that control respiration, osmoregulation, excretion, and acid-base balance.[83] Gills
are an initial target site of exposure to aquatic environmental pollutants[83] and accumulate
nanomaterials through their association with mucous proteins on the surface of the gill.[49.84]
Carbon nanotubes and a variety of metal oxide nanoparticles induce severe gill irritation,
elevated ventilation rates and morphological alterations to the gill tissue.[49:84:85] |n addition
to increased ventilation rates and thickening of the epithelial tissue along the primary gill
filament, exposure to single walled carbon nanotubes induced aggressive behavior amongst
rainbow trout (Oncorhynchus mykiss) that resulted in fish death. This observation shows
that disruption of gill function adversely affects fish and their survival.

Figure 5 shows that both MnO, nanosheets and reference particles are found intact and are
interacting with cell surface membranes after 3 hr (Figure 5A,C) and 24 hr (Figure 5B,D).
TEM imaging of nanosheets (Figure 6A, 6B) and particle (Figure 6C,6D) internalization in
fish gill cells confirmed their intracellular localization within vacuoles 24 hr after exposure.
It is clear that some MnO, nanosheets and particles survive in the L15 cell culture medium
for sufficient time to reach the cell surface and initiate uptake.

Rainbow trout gill tissue contains approximately 1.2 — 1.6 pmol GSH/g tissue.[86.:87] Similar
GSH levels were measured in untreated RTgill-W1 cells (data not shown). For comparison,
human lung epithelial cells in vitro contain ~50-150 pmol/g protein.[78] To investigate
whether our acellular observations of GSH depletion by MnO, nanosheets accurately predict
intracellular reactions, we exposed RTgill-W1 cells to MnO, nanosheets or particles and
measured intracellular GSH levels after 3, 24 or 48 hrs (Figure 6E). We also exposed cells to
a Mn2* compound (MnCly), which is not expected to react with GSH due to its 2+ oxidation
state. The pattern of GSH depletion activity in this intracellular assay is the same as in the
acellular experiments of Figure 3, (MnO, nanosheets > MnO, particles > Mn2* ion
(inactive), suggesting a similar mechanism, namely direct interaction between MnO solids
and intracellular GSH.

Cytotoxicity of the MnO» nanosheets was established using a calcein AM stain for live cells
and ethidium homodimer 1 stain for dead cells (Figure 7). Exposure to MnO, nanosheets
induced a significant decrease in cell viability after 72 h, resulting in a LCsq of 188 ppm Mn
(297 ug/mL) (Figure S7). Cytotoxicity was delayed (no significant cytotoxicity was
observed after 48 h exposure) presumably due to the time required for cellular uptake and
intracellular dissolution to occur (data not shown). The MnO, nanosheets were more
cytotoxic than the MnO, particles.
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3. Discussion

3.1 The MnOs-biological interface

MnO, nanosheets show complex colloidal dynamics and biochemical reactivity that have
important implications for environmental health risks and nanosafety testing. First, this work
shows that 2D MnO, nanosheets and the reference MnO» particles form electrostatically
stabilized colloidal suspensions over a wide range of pH due to persistent negative charge
(Figure 2). Net negative charge in layered manganese oxide materials (the so-called
phyllomanganates) such as delta-MnO5 has been associated with Mn vacancies or Mn3+
lattice substitutions for Mn#*.[93,94]

A distinctive feature of MnO, nanomaterials is their biochemical reactivity. They are highly
insoluble in water, but have reduction potentials within the range of the cellular redox
potential.[18.88] The MnO,/Mn?* redox couple has a standard electrochemical potential of
+1.23 V, which provides a thermodynamic driving force for MnO5 to directly oxidize a wide
variety of biomolecules. During these reactions, MnO> in the +IV oxidation state is reduced
to the soluble Mn2* +11 oxidation state often through the formation of a number of different
intermediates.[89] The specific biological targets and the location and timing of these
reactions in complex exposure scenarios or during in vitro nanotoxicity testing is poorly
understood. Results in Figures 3 and 4 show rapid reaction with ascorbate[8 and with thiol
antioxidants cysteine or GSH. The overall reaction with cysteine or GSH has been
reported[90-92] to be:

2RSH + MnO2+2H' = = > Mn? " +RSSR + 2H,0

The reaction of cysteine with 2D or particulate MnO,, is faster than the same reaction with
GSH (Figure 3D, Sl4). This is consistent with the rank order of cysteine and GSH oxidation
by bulk MnO,, reported in the literature.[89] The difference in reaction rate has been
attributed to increased steric hinderance of the SH group on cysteine when incorporated in
the tripeptide GSH.[8%! Finally, the chemical behavior of MnO, nanosheets (Figures 3-5) is
quite similar to that of the MnO, particles (Figure 2D,5,6 S3,54,S5) used as a reference
material, except the nanosheet reaction rates are consistently higher. Much of this difference
can be explained by the higher specific surface area of nanosheets (400 m2/g) relative to the
particles (32 m2/g) Figure S1-S2).

A surprising finding of this study is the relative stability of MnO, nanosheets in cell culture
media (Figure 3). Despite the presence of a large complement of amino acids and
micronutrients, high concentrations of reducing sugars (glucose, galactose) or pyruvate as
carbon sources, and 3 UM reduced GSH in RPMI cell culture medium (Table S3), and no
measurable dissolution of MnO, nanosheets is observed in two common commercial media
(RPMI, EMEM). A third cell culture medium, L15, induces only a slow, gradual and partial
dissolution (~25%) over 72 hrs, which is slow enough that most nanosheets survive their
residence time in the extracellular space during in vitro tests and are taken up intact into
cells after 24 hrs.
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This stability was particularly surprising in light of the known fast reactions with cysteine
and glutathione (Figure 3), which are additives in some of the media used. Careful
consideration of media compositions (see Table S1-S6) reveals that the amino acid is added
in oxidized form (cystine) in some cases, and in other cases air exposure during media
handling and storage is likely to oxidize cysteine to the disulfide cystine prior to use.[%]
Indeed, addition of fresh cysteine to L15 (Figure 3C) restores the reducing power of the
media toward MnO,, to give similar dissolution kinetics as cysteine in simple PBS (Figure
3D). These data support that cysteine must have been oxidatively deactivated by the time the
experiments were conducted to produce the behavior in observed in Figure 3B.[93]

The slow, partial dissolution process in L15 cell culture medium over 72 hrs (Figure 3B) is
an interesting feature of this data set. It cannot be due to reaction with ascorbate or
glutathione, which are not present in L15. It also cannot be explained through reaction with
cysteine, which if present in reduced form at the time of use would react with MnO, very
rapidly, on a timescale of minutes to one hour (Figure 3C, D) that is not consistent with the
slow, gradual process observed in Figure 3B. The slow dissolution of MnO, nanosheets in
L15 medium is hypothesized to result from the reaction with weaker reductants present in
the complex medium, possibly in combination with organic acids that form complexes with
the Mn2* to facilitate ion release. In general, media contain a wide variety of oxidizable
organic molecules. L15 medium in particular has much higher concentrations of amino acids
(sum of 26 mM) than the other media (sum of 5-6 mM) and is the only medium containing
pyruvate and the reducing sugar galactose. Analysis of 15 amino acids before and after
exposure to MnO» suggests that 72 hr exposure to MnO, nanosheets causes significant
selective depletion of certain amino acids including tyrosine, tryptophan, and methionine,
which are known to be three of the most easily oxidized amino acids.[”>76] This depletion
occurs between the 10 min and 72 hr time points, consistent with a slow chemical reaction in
which MnOs is reductively dissolved and multiple reducing agents in the complex L15
medium are oxidized.

The in vitro cellular experiments in Figures 5 and 6 support the predictions of the acellular
kinetics studies in Figures 2 and 4. The lack of strong reductants in cell culture media, due to
its initial formulation plus age-related deactivation by air oxidation, allow the MnO,
nanosheets time to reach cells intact, be taken up, and react with intracellular GSH (Figures
5, 6) with associated intracellular release of Mn2* ions that may induce acute toxicity. The
patterns in the GSH depletion data in the acellular (Figure 4) and intracellular (Figure 6)
data are very similar, suggesting the intracellular depletion is the result of direct interaction
between MnO, nanosheets and GSH in both scenarios. This interaction involves direct redox
reaction that depletes both MnO, and GSH, but may also involve catalysis of O, oxidation
and/or secondary generation of reactive oxygen species, a known factor in Mn-induced
toxicity.[39:50.56] Fyture studies are needed to clarify the biochemical mechanisms that
induce toxicity following exposure to 2D MnO, nanosheets.

Implications for Nanosafety

Overall these results provide important insight for evaluating and managing potential
environmental and human health risks of MnO, nanosheets. First, the results presented here
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are sufficient to apply the recently proposed human inhalation hazard screening framework
for 2D materialsl?% to the case of MnO,. This framework uses in vitro dissolution studies in
reactive simulants to classify 2D materials into one of four categories for rationale hazard
assessment and prioritization. While oxidative and hydrolytic degradation routes are
common(20.94] MnO, is one of the few 2D materials proposed to follow a reductive
degradation route,[18] and the first reductive case study in the Gray et al. framework.[20]

Human exposure to MnO, nanosheets in the form of aerosols or dry powders is a primary
concern in occupational settings. Mathematical modeling of fractional deposition of 2D
graphene sheets suggest that thin, plate-like sheets up to 10 um in lateral dimension will
deposit in the tracheobronchial and alveolar regions following inhalation in humans.[%]
Inhaled particles deposited in the tracheabronchial regions (conducting airways) of the lungs
are removed by mucociliary transport within 24-48 hours, while clearance of particles from
the alveoli (air spaces) is prolonged for weeks to months.[%6] Clearance of nanoparticles or
plate-like graphene sheets from the lungs is even slowerl97-991 while spherical nanoparticles
(<200 nm in diameter) are more readily translocated across the alveolar epithelial cell barrier
into the systemic circulation.[190] Slower uptake and clearance of 2D MnO, nanosheets from
the lungs would prolong their interaction with extracellular lung lining fluid, which contains
approximately 0.5 mM GSH secreted from lung epithelial cells.[’7:101] Our results in an
acellular assay show rapid GSH-nanosheet reaction times (~1 hr) and it is likely that
significant dissolution of MnO, nanosheets in the extracellular lung lining fluid would occur
more rapidly than slower uptake of intact 2D nanosheets by macrophages or lung epithelial
cells. Previous studies using 2D graphene microsheets (0.5-25 um in lateral dimension)
showed uptake by macrophages and human lung epithelial cells in vitro after 5 and 24 hrs,
respectively.l[192] Therefore, in the context of this 2D material hazard screening framework
for human inhalation exposure,[2] MnO, nanosheets would be classified as “biosoluble”
leading to further consideration of toxicity of the soluble degradation product, manganese
ions. Inhalation of manganese oxide particles under occupational conditions delivers
manganese ions to the systemic circulation and the brain leading to manganism.[38:45.46]
Therefore, inhalation of MnO, nanosheets followed by reductive dissolution releasing
manganese ions in the lungs places this material in Class C: “biosoluble with potentially
hazardous dissolution products”

This argument is applicable for the 2D MnO», nanosheets synthesized in this study that are
~300-500 nm in lateral dimension and would be predicted to deposit mostly in the
tracheobronchial or alveolar regions in the human respiratory tract.[%6] However, for smaller
nanosheets, as predicted for 2D graphene nanosheets (~1-10 nm in lateral dimension), the
majority of nanoparticles would be predicted to deposit by diffusion in the upper respiratory
tract or nasopharyngeal region.[96:103]1 E|der et al.[44] generated spherical manganese oxide
nanoparticles (primary particle diameter 3-8 nm; agglomerates ~30 nm airborne median
diameter of agglomerates in the aerosol) and demonstrated deposition in the olfactory
mucosa and translocation of solid manganese oxide nanoparticles to the olfactory bulb and
the brain following inhalation in rats. These nanoparticles were poorly soluble in
physiological saline at neutral pH and additional studies suggested that soluble Mn shows
limited uptake via the olfactory route in the rat (Elder et al.)[4] In humans, GSH content of
the nasal fluid is below the limit of detection (0.5 pM)[194] so it is unlikely that small MnO,
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particles or nanosheets would undergo reductive dissolution in the upper respiratory tract.
However, it is unknown whether intact 2D MnO» nanosheets with lateral dimensions in the
range of 1-10 nm would be translocated into the brain via the olfactory route in humans
because surface chemistry and shape modify deposition and translocation of nanoparticles in
the upper and lower respiratory tract.[103] Additional experimental data and pharmacokinetic

modeling are required for dosimetry-based risk assessment of inhaled MnO, nanosheets in
humans.[38.105,106]

Chemical and colloidal dynamics of MnO will also affect behavior and risk in the natural
environment. MnO, nanosheets are shown here to be indefinitely stable in simple aqueous
media, but sensitive to interactions with diverse electron donors. Natural organic
matter[107.108] has been reported to reductively transform Mn oxides releasing soluble MnZ*
ions.[49.84.109] Mn2* accumulates in the brain, gills, liver and kidney of fish, inhibiting
mitochondrial activity and inducing oxidative damage.[?6-891 Alternatively, Mn2* could be
converted back to particulate Mn%* by bacterially-catalyzed oxidation.[>3] The constant
perfusion of water makes fish gills a target site for environmental toxicants and
nanomaterials. The data presented in this paper suggest MnO, particles taken up by gill cells
would oxidize GSH intracellularly, dissolving during the reaction to Mn2* ions and
potentially generating secondary reactive oxygen species, leading to mitochondrial damage
and oxidative stress. VanWinkle et al.[}10] observed similar uptake of spherical manganese
oxide particles (40 nm in diameter) by alveolar epithelial cells in vitro resulting in uptake
into lysosomes and generation of H,O». Therefore, fish gill epithelial cells may be a useful
model for investigation of biological and chemical interactions of manganese oxide particles
and nanosheets with mammalian lung epithelial cells.

Finally, these results have implications for the design of in vitro nanotoxicity testing
platforms and protocols. Despite publication of over 10,000 peer-reviewed papers on
environmental and health impacts of nanomaterials since 2001,[*] concerns remain about
technical caveats and artifacts in nanotoxicology assays that limit extrapolation to in vivo
endpoints.[56.111] \ery little attention has been paid to the design of toxicity tests for
materials sensitive to reductive transformations, making MnO, nanosheets an important new
case study. We observed 2D MnO, nanosheets to be stable in cell culture media and thus to
enter cells intact where they react with intracellular GSH to degrade and deliver Mn2* ions.
In general, however, we expect this behavior to depend on the redox state of the cell culture
medium used, which in turn is determined by its composition and handling/storage history.
“Fresh” media with cysteine (reduced form) or GSH may show the opposite behavior, in
which MnO, nanosheets degrade in the extracellular space, and liberate Mn2* jons, which
likely become the primary toxicant in the test system. These results show that care is needed
to design and interpret in vitro toxicity tests that are meaningful for various exposure
scenarios to MnO, materials depending on the anticipated route of exposure and potential
target cells. We suggest that in vitro tests consider the effect of the composition and redox
state of the media and extracellular nanomaterial dissolution kinetics in order to understand
the contribution of extracellular dissolution to toxicological endpoints. It is also important to
include soluble Mn controls, since the Mn2* ion is highly likely to be present in biological
systems, despite the standard classification of MnO, materials as highly insoluble.
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4. Conclusions

Manganese dioxide nanosheets show novel and important chemical and colloidal dynamics
in fluid media relevant to environmental and human exposures. The nanosheets exhibit a
dominant negative charge over the full relevant pH range and form electrostatically
stabilized colloids in low-salt aqueous environments. MnO, nanosheets are salt-destabilized
in hard water and small-molecule biological buffers, but can be sterically re-stabilized by
addition of serum. The MnO, solid phase persists indefinitely in simple aqueous media, and
has the potential to reach aquatic receptors as intact nanosheets. The nanosheets react
rapidly, however, with biological antioxidants and slowly with other molecules in complex
biological media. Overall these chemical and colloidal behaviors are similar to those shown
by particulate MnO,, used as a non-2D reference material, but with faster chemical kinetics
for the nanosheets (first order GSH rate constant 0.44 L/mol-s) vs. particles (0.036 L/mol-s),
consistent with higher nanosheet specific surface area and quantitatively similar to the area
ratio (400 vs. 32 m?/g) The short time scales of reductive dissolution by glutathione allow
categorization of MnO, nanosheets as a Class C material for inhalation hazard [20] —
biosoluble in lung lining fluids, with potentially hazardous degradation products (Mn2*).
This finding may allow risk assessment of MnO, nanosheets to move forward based on
existing data for the well-known chemical toxicant, Mn2* without more extensive
nanotoxicity testing on specific 2D formulations.

During in vitro testing, MnO, nanosheets are sufficiently stable in three cell culture media to
reach cell surfaces, become internalized, and react directly to deplete intracellular GSH. In
contrast, media containing fresh thiol antioxidants in the reduced form rapidly degrade
MnO, nanosheets at time scales shorter than those for cell uptake. Care must be taken in the
design of in vitro toxicity tests, including consideration of media composition and air
exposure during storage and aging, to understand the form of the toxicant (nanosheets vs.
Mn2* ions) encountered by the target cells.

5 Experimental Section

Manganese oxide materials:

MnO, nanosheets were synthesized using an adaptation of the aqueous-phase bottom-up
method described by Liu et al.[32] Briefly, nanosheets assemble by reduction of KMnO4
precursor [112-114] and nucleation on sheet-like dodecanol templates derived in situ from
hydrolysis of the surfactant sodium dodecy! sulfate (SDS). A large round bottom flask
containing approximately 2.2L of deionized water (18.2 MQ, milli-Q pore) was heated to
95°C, using hollow water balls to maintain water bath temperature and volume. SDS and
H,SO4 solutions were added to the flask resulting in concentrations of 0.23M for each
compound. After 15 minutes, a KMnQOy, solution was added to the mixture slowly (to
maintain reaction temperature), resulting in an overall concentration of 17.9 mg/L and
turning the reaction a deep purple. This mixture was maintained at 95°C for 60 minutes,
changing the solution from deep purple to a light and dark brown mix where some large
MnO, aggregates were visible. The reaction was quenched by lightly filtering the obtained
MnO, product using vacuum filtration through a 0.22 um pore-size sterile disposable
vacuum filter (Corning, Corning, New York, USA). The product was washed six times
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alternating between 100% ethanol and nanopure water, using approximately 1L of wash
liquid each rinse. The MnO, product was never allowed to dry during washing, and the
filtrate was clear indicating all the MnO, was collected on the filter. The washed MnO,
product was transferred to a sterile 50 ml centrifuge tube (Corning, Corning, New York,
USA). MnO;, particles in powder form (Sigma Aldrich 310700) were used as-received as a
non-sheet-like reference material. Both the nanosheets and particles were stored as aqueous
suspensions in 18MQ water at 4°C for the duration of the project.

Material Characterization:

The MnO, materials were characterized using scanning electron microscopy (SEM, Zeiss
LEO 1530), transmission electron microscopy (TEM, JEOL 2500), X-ray diffraction (XRD,
Bruker Eco Advance), nanosheets are characterized by AFM (Asylum MFP-3D Origin)
operating in alternating contact mode. and dynamic light scattering (DLS) for
electrophoretic mobility/zeta potential (Malvern Zetasizer). Total Mn concentrations in
suspension were determined by inductively coupled plasma optical emission spectrometry
(ICP-OES, Thermo Scientific iCAPtm 7400) after diluting the MnO, stock suspension in
2% HNO3 and adding 100 pL of H,05 as a reductant to convert all MnO, to Mn2*, A
Quantachrome Autosorb-1 instrument was used to obtain a MnO, power N5 isotherm at 77K
from which the surface area based on the Brunauer—-Emmett—Teller (BET) theory and pore
size distributions (PSD) based on non- local density functional theory (NLDFT) slit pore
model[115] were calculated. The BET surface area was calculated from N, adsorption
isotherm relative pressures ranging from 0.05 to 0.30, when nearly perfect linear BET
correlation (R? = 0.9999) was observed. 2D MnO, surface area was determined through
adsorption of methylene blue (MB, Aldrich Chemical Company, Inc.) dye following
Langmuir adsorption. MB adsorption was tested in glass vials at 0.15 mg/ml using 2D
MnO, while MB concentrations varied from 10, 20, 30, 40 and 50 mg/L. All waterMnO»,
suspensions were sonicated for one hour prior to preparing isotherms. All experimental
reactors were shaken in the dark at 220 rpm for three hours at 22 °C after which suspensions
were filtered using 0.2um filters to remove remaining MnO,, solids. The residual MB
concentrations were determined using a JASCO V-730 UV-Visible spectrophotometer at 664
nm. Experiments were conducted at pH>4 to prevent oxidative MB degradation that occurs
at pH<4. Further, MB degradation shifts peak absorbance to 600 nm, while peak maxima
were observed at 664 nm here, ensuring no MB degradation occurred during adsorption
experiments.

Biodissolution kinetics and colloidal dynamics:

Time-resolved dissolution measurements were made on MnO, nanosheet and particles
exposed to a set of common aqueous fluid phases and biologically-relevant media: nanopure
water (NP H,0), EPA standard moderate-hard water (EPA Mod), phosphate buffered saline
(PBS), Roswell Park Memorial Institute cell culture medium (RPMI), Leibovitz’s L15 cell
culture medium (L15), and Eagle’s Minimum Essential Medium (EMEM). The complete
formulations are listed in Tables S3 to S7. During all experiments, the media were never
diluted below 90% of their original compositions. Biodissolution was monitored by time-
resolved measurement of total soluble Mn (presumed to be Mn2*) following removal of
nanosheets or particles by ultrafiltration. These studies were carried out in 50 mL centrifuge
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tube reactors (Corning, Corning, New York, USA) with 8.69 mg/L starting MnO,
concentration in a rotational mixer (Fisher Scientific, Waltham, MA), from which sacrificial
subsamples were taken at each time point for analysis. Solids were removed using a 20 nm
Anatop filter (Milipore), and total dissolved Mn concentration in the filtrate was determined
by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) using a Thermo
Scientific iCAP™ 7400 ICP-OES. Three experimental replicates were used to quantify
variability. Experiments involving biological reductants were designed to use a 5:1 molar
equivalence ratio between reductant and MnO, (requiring two electrons per mole from
Mn(1V) to Mn(ll) in order to ensure that the reductant was not the limiting reagent in the
experiment with the exception of ascorbic acid, which used a 10:1 ratio

Dynamic Light Scattering (Malvern Zetasizer Nano ZS (Worcestershire, United Kingdom)
operating at 90° scattering angle was used to make time-resolved measurements of particle
or agglomerate hydrodynamic diameter. For DLS analysis, 2D MnO», was purified using
centrifugation, removing heavier fractions until a more uniform distribution was obtained.
The resulting solution was tested at 1.1 mg/L and was required to meet data quality
objectives Decreases in the hydrodynamic diameter imply dissolution of the material, while
increases provide information on the rates and extents of nanosheet or particle
agglomeration.[116] The reported sizes are a sphere-equivalent hydrodynamic diameters, and
for the high-aspect-ratio nanosheet materials are best used as qualitative comparative values.
Zeta potential measurements were taken using a Malvern Zetasizer Nano ZS
(Worcestershire, United Kingdom) to determine the electrostatic stability of the nanosheet
and particle MnO, across various relevant media (NP H,O, EPA Mod, PBS, RPMI, L15, and
EMEM), and pH buffers. No purification steps were taken prior to zeta potential
measurement. Additional zeta potential measurements were taken using buffers ranging
from pH 3 to 10. The buffers used were sourced from Fisher Scientific: pH 3 and 4 buffers
were potassium phthalate based; pH 6 and 8 buffers were phosphate based while pH 10
buffer was composed of EDTA and carbonate. MnO, was added to 5mL aliquots of media/
buffer to achieve a 50mg/L MnO, concentration. Samples were vortexed for 60 seconds to
ensure homogeneity. 1mL of the sample was then transferred to a Malvern Folded Capillary
Zeta Cell (DTS1070) and loaded into the Zetasizer. Each sample consisted of a triplicate
measurement for precision

In Vitro Cellular Studies:

The in vitro biological model chosen for this study was the well-characterized fish gill cell
line, RTgill-W1 (ATCC CRL-2523), derived from rainbow trout (Oncorhynchus myKkiss).
Fish and in vitro fish cell lines have been utilized as models in toxicological testing of heavy
metals and nanomaterials for over two decades.[31:117] Well-characterized rainbow trout cell
lines derived from rainbow trout gill (RTgill — W1) are differentiated in monolayer cultures,
express xenobiotic metabolizing enzymes and membrane transporters and have been
validated for aquatic toxicity testing.[118-121] Fish gill epithelial cells have similar
physiological functions as mammalian lung epithelial cells that are essential for gas
exchange, ion transport and mucous secretion to provide a barrier against particulates and
microorganisms.[83:85] This rainbow trout gill cell line has morphological features similar to
mammalian lung epithelial cells including abundant mitochondria that are potential targets
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for manganese toxicity.[46] RTgill-W1 cells were cultured in L15 medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin, maintained at 19°C and sub-
cultured weekly. 2D MnO, nanosheets and MnO», particles suspended in sterile water were
sonicated in a bath sonicator for 1 hr. MnO, materials were then diluted to 224 ug/mL in
serum-free L15 medium and sonicated for 15 min before final concentrations were prepared
in serum-free L15 medium. Manganese (I1) chloride tetrahydrate (Sigma Aldrich M3634)
was dissolved in sterile water at 500mM before dilutions were prepared in serum-free L15
medium at equivalent ionic Mn concentrations as in fully dissolved MnO, (Table S7).

Amino Acid Depletion Analysis:

The depletion of 15 amino acids from L15 culture medium after incubation with 2D and
particulate MnO, was performed as described in Creighton et al.[122] with minor alterations.
Briefly, MnO, materials suspended in ultra-pure water were sonicated for 1 h and added to
serum-free L15 medium (Gibco) at doses ranging from 0.05 to 1 mg/mL. Samples were
vortexed and rocked on a lab rocking platform for 10 mins or 72 h. To control for different
dilution factors between MnO- doses, untreated controls were diluted by the same dilution
factor as each dose of MnO, materials. MnO, materials were separated from cell culture
media by centrifugal ultrafiltration using Amicon Ultra-15 filter tubes and centrifuging for
30 min at 4000 g. Samples were then frozen at —20°C and amino acid depletion analysis was
conducted by Life Technologies Corporation. Amino acid concentrations were determined
by high performance liquid chromatography with UV detection. Results were expressed as
the mean + standard deviation of 3 independent experiments. Statistical analyses were
performed as two-way ANOVAs followed by Sidak’s multiple comparisons tests using
GraphPad Prism 8.0.2 software.

Cellular and Acellular Glutathione Assays:

To characterize the interactions of manganese compounds with glutathione, the abundant
intracellular reducing agent, MnO» nanosheets, MnO,, particles or soluble MnCl, (5.5 ppm
Mn ions 8.7 ug/mL MnO,) were individually mixed with 1mM reduced glutathione (GSH)
in PBS (pH 7.4) with continuous agitation for 3, 24 or 48 h. After each timepoint, reduced
glutathione was measured by fluorescence using a Thiol Fluorescent Probe IV (Millipore)
that acts as a thiol/sulfhydryl detector. Fluorescent values were read with a SpectraMax?2
(Molecular Devices) and converted to GSH concentrations based on a GSH standard
calibration curve using the SpectraMax2 SoftMax Pro version 5.4.1 software (Molecular
Devices). The enzyme glutathione reductase and its cofactor NADPH were added after 48 h
exposure to MnO» particles and nanosheets at a final concentration of 0.5 U/mL and 4.5
mM, respectively and mixed with continuous agitation for 15 mins at 25°C in order to
recover the original concentration of reduced GSH.

Intracellular GSH levels were determined after exposure of fish gill cells to MnO,
nanosheets, MnO, particles or soluble MnCl, (10 ppm Mn ions) for 3, 24 or 48 h. At the end
of each exposure time, cells were washed with PBS (pH 7.4) and incubated on ice in passive
lysis buffer (Promega Corporation) for 10 min with or without NEM (N-ethylmaleimide).
Cell lysates were collected, incubated on ice for another 15 min and centrifuged at 15,000
rpm for 10 min before the GSH/GSSG-Glo assay (Promega Corporation) was performed
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according to manufacturer’s instructions. Protein content of the cell lysates was quantified
using the Pierce BCA Protein Assay kit (Thermo Scientific). GSH was normalized against
protein concentration (nmol GSH/mg protein) and presented as relative to control. For both
acellular and cellular GSH experiments, results were expressed as the mean +standard
deviation of 3 independent experiments. Statistical analysis was performed as a two-way
ANOVA followed by Sidak’s multiple comparisons test using GraphPad Prism 8.0.2
software.

Electron Microscopy:

Scanning electron microscopy was used to observe the interaction of MnO, nanosheets and
particles with the cellular membrane. Briefly, fish gill cells were seeded on Thermanox
Plastic coverslips (13mm) and exposed to MnO, nanosheets or particles (5.5 ppm Mn ions)
for 3 or 24 h. At harvest, samples were washed 3x with PBS and fixed in cold 2%
glutaraldehyde in 0.1 mol/L sodium cacodylate buffer (pH 7.2) containing 0.1 mol/L
sucrose. Samples were rinsed 3x with cacodylate buffer (0.1M, pH 7.2) and post-fixed in
buffered osmium tetroxide (0.5%) in 0.1 M sodium cacodylate buffer for 30 min. Samples
were then rinsed in distilled water and immersed in 1% thiocarbohydrazide, followed by 1%
osmium tetroxide before being dehydrated in graded ethanols. Finally, samples were
submerged in a mix of 100% ethanol and hexamethyldisilazane (1:1) before being air dried
and on a Thermo Apreo VS SEM.

Transmission electron microscopy was used to visualize internalized MnO, nanosheets and
particles. Briefly, fish gill cells were seeded in 6 well plates and exposed to MnO,
nanosheets or particles (5.5 ppm Mn ions) for 24 or 48 h. At harvest, samples were washed
3x with PBS and fixed in cold 2.5% glutaraldehyde, 2% paraformaldehyde and 2 mM
calcium chloride in 0.15 M sodium cacodylate buffer (pH 7.3) for 2 h. Samples were
collected and stored at 4°C until being post fixed with 2% osmium tetroxide/potassium
ferrocyanide mixture, 1% thiocarbohydrazide, then 2% osmium tetroxide with appropriate
rinses between staining steps. Specimens were then stained with 1% uranyl acetate
overnight, followed by Walton’s lead aspartate (pH 5.5) at 60°C for 30 min. Finally, samples
were dehydrated in graded ethanols, infiltrated with Araldite Embed 812 embedding
medium (Electron Microscopy Science) and cured at 60°C for subsequent sectioning.
Micrographs were obtained on a Philips 410 Transmission Electron Microscope at 60 kV.

Cytotoxicity:

Cytotoxicity was determined after exposure of fish gill cells to MnO, nanosheets, or MnO»
particles (5-100 ppm Mn ions) for 24, 48 or 72 hr. At the end of each exposure time, cells
were washed with PBS (pH 7.4) before being stained with a final concentration of 2uM
calcein AM and 4 pM ethidium homodimer one in phenol free L15. After 10 min incubation,
cells were imaged with a 10x air objective on an Olympus confocal spinning disk
microscope. Live (green fluorescence) and dead (red fluorescence) cells were quantified in
Cell Profiler and results were expressed as the mean + standard error of 3 independent
experiments. Statistical analysis was performed as a two-way ANOVA followed by Sidak’s
multiple comparisons test using GraphPad Prism 8.0.2 software. LCgq for MnO, nanosheets
was calculated in Microsoft excel using Finney’s Probit analysis.
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Figure 1.
MnO, nanosheet morphology and crystal phase. A. SEM image showing nanosheet lateral

dimensions and in-plane shape/aspect-ratio; B. TEM image showing spontaneous wrinkling
and folding that demonstrate nanosheet flexibility; C. X-ray diffractogram showing
characteristic peaks for the layered 2D &-phase; D. Atomic force microscope images with
line profiles showing typical thicknesses of the monolayer and few-layer nanosheets.
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Figure2.
Colloidal dynamics of MnO, nanosheets in aqueous media. A: Time-resolved DLS size

measurements in simple media; B: Time-resolve DLS size measurements in cell culture
media supplemented with fetal bovine serum; C: Zeta-potentials in simple and complex
media; D: pH-dependent zeta potentials for MnO, nanosheets (2D) and reference particles
(Part), using a series of buffers. Abbreviations for pH buffers are as follows. NP-nanopure
water (nominally pH-7), MOD-EPA moderately hard water (pH-7.4-7.8), PBS-phosphate
buffered saline (pH 7.4), RPMI-Roswell Park Memorial Institute medium (pH 7), L15-
Leibovits’s L15 medium (pH 7), EMEM-Eagle’s Minimum Essential Medium (pH 7-7.4),
PSF- phagolysosomal simulant fluid (pH 4.5).
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Figure 3.

Reductive dissolution kinetics of MnO, nanosheets in biological media relevant for safety
assessment. A-D: Time-resolved dissolution percentages measured using ICP-AES analysis
of dissolved total manganese following ultrafiltration (20 nm cutoff) removal of solids. A:
No measurable dissolution in simple aqueous phases; B: Slow partial dissolution in L15 cell
culture medium, but not in RPMI, EMEM. C: Rapid dissolution for L15 medium
supplemented with 1 mM cysteine (reduced form. CysR), and no effect for addition of
cystine (oxidized form, CysOx); D: Early time behavior (0-60 min) of reductive dissolution
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in PBS buffer supplemented with 1 mM biological antioxidants cysteine, glutathione (GSH)
and 0.5 mM ascorbate. Experiments in A-D used 8.69 mg/L solids addition with the
exception of ascorbic acid which used 4.35 mg/L. ICP-AES instrumental detection limits
were ~ 100 ppt. E: Analysis of 15 amino acids following acellular exposure of L15 cell
culture medium to MnO, nanosheets (“Sheets”) and reference particles (“Particles™) at
various solid concentrations (0.05 mg/ml; 1 mg/ml) and for various exposure times (10 min,
72 hr).
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Osoluble MnCl, BMnO,; particles BMnO, nanosheets

0 3 24
Time (h)

BMnO, particles e

BMnO, nanosheets

48 48h + glutathione reductase
Exposure Condition

MnO, nanosheets and particles cause acellular oxidation of GHS to GSSG. (A) Reduced
glutathione (GSH) levels were significantly depleted after exposure to MnO,, particles and
nanosheets (***p<0.0001). MnO, nanosheets depleted GSH to a greater extent than MnO,
particles or Mn2* ions (no depletion). (B) GSH levels significantly recovered after the
addition of the enzyme glutathione reductase and its cofactor NADPH, indicating that the
MnO, / GSH reaction product was primarily GSSG (***p<0.0001; n=3).
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Figureb.
MnO, nanosheets and particles survive in cell culture medium and interact with the cellular

surface membrane of fish gill cells. SEM micrographs of MnO, nanosheets (A, B) and
particles (C, D) interacting with cell membranes after 3 hr (A, C) and after 24 hr (B, D).
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Figure®6.
Cell uptake of MnO, materials and effects on intracellular glutathione levels. A-D. MnO5

nanosheets and particles are internalized by fish gill cells as intact solids, before dissolution.
TEM micrographs of MnO, nanosheets (A, B) and particles (C, D) within intracellular
vacuoles after 24 hr (A, C) and 48 hr (B, D) exposure to 8.7 ug/mL MnO,. E. MnO5
nanosheets deplete intracellular GSH levels to a greater extent than MnO,, particles. Cells
were treated with 10 ppm Mn ion equivalent (15.8 ug/mL MnO, nanosheets or particles).
Scale bars: 1 ym.
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Figure7.
Cytotoxicity of MnO, nanosheets and particles. Live cells were stained green with calcein

AM and dead cells were stained red with ethidium homodimer 1. Cells were exposed to
5-100 ppm (8.7-158.2 ug/mL) MnO5, nanosheets or particles for 72 h.
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