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Abstract

Two-dimensional (2D) materials are a broad class of synthetic ultra-thin sheet-like solids whose 

rapid pace of development motivates systematic study of their biological effects and safe design. A 

challenge for this effort is the large number of new materials and their chemical diversity. Recent 

work suggests that many 2D materials will be thermodynamically unstable and thus non-persistent 

in biological environments. Such information could inform and accelerate safety assessment, but 

experimental data to confirm the thermodynamic predictions is lacking. Here we propose a 

framework for early hazard screening of nanosheet materials based on biodissolution studies in 

reactive media, specially chosen for each material to match chemically feasible degradation 

pathways. Simple dissolution and in vitro tests allow grouping of nanosheet 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. The proposed framework is demonstrated through an experimental case study on MoO3 

nanoribbons, which have a dual 2D / 1D morphology and have been reported to be stable in 

aqueous stock solutions. The nanoribbons are shown to undergo rapid dissolution in biological 

simulant fluids and in cell culture, where they elicit no adverse responses up to 100μg ml−1 dose. 

These results place MoO3 nanoribbons in Class D, and assigns them a low priority for further 

nanotoxicology testing. We anticipate use of this framework could accelerate the risk assessment 

for the large set of new powdered 2D nanosheet materials, and promote their safe design and 

commercialization.
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Introduction

Two-dimensional (2D) materials are atomically-thin sheet-like solids, which are under active 

development in technologies that include catalysis,1 electronics,2 water treatment,3 and 

medical devices.4,5 As a class, 2D materials show enormous chemical diversity, and include, 

but are not limited to, metal chalcogenides, oxides, silicates and halides.6 The total number 

of materials prepared in the form of 2D nanosheets now exceeds 2506 and there is a pressing 

need for safe design strategies to specifically support this new branch of nanotechnology 

R&D. The most immediate need is for high throughput screening techniques to categorize 

hazard by class, and to prioritize a subset of the large 2D material family for more detailed 

study of biological responses. The approach to 2D materials may be informed by the large 

literature on the fate and toxicity of the more common 0D and 1D.7–13 Many types of 

nanomaterials chemically transform when introduced into complex environmental or 

biological systems14–17 leading to degradation, dissolution, or phase transformations such as 

oxidation or sulfidation.15 These transformations are typically media specific and can 

dramatically affect fate, uptake and toxicity.7,10–12 Incorporation of material transformation 

processes into biological uptake and toxicity models is ongoing,18 and will ultimately be 

required to adequately predict material fate.

Many of the emerging 2D materials have not been systematically studied in dilute aqueous 

suspensions relevant to environmental and biological exposures. A recent review6 used 

thermodynamic methods to estimate the intrinsic stability of 2D materials in such dilute 

aqueous suspensions, and proposed that most materials will be chemically unstable and 

ultimately non-persistent in the environment or in biological tissue.19 In order to reliably 

classify any of these new materials as biodegradable or persistent, it will be necessary to 

validate the thermodynamic predictions with experimental data and to characterize 

degradation kinetics and time-scales. It is particularly useful to identify materials that are 

rapidly degradable, as these will not induce biological responses through their characteristic 

2D nanosheet geometry nor through other behaviors associated with the solid phase, such as 

surface redox activity. Instead, risks for such materials may be reasonably assessed on the 

basis of the chemical effects of their soluble dissolution or degradation products.

We therefore propose that dissolution screening be applied as a logical first step in the 

hazard assessment of emerging 2D materials. Such screening can identify and prioritize a 

smaller subset of high priority materials for full characterization of the solid properties 

relevant for biological responses, and thus reduce the total burden of nanotoxicity testing. 

Dissolution screening already plays an established and important role in hazard assessment 

for mineral fibers,20–22 which, in common with 2D materials, are a diverse set of 1D 

inorganic particles of unusual shape.

Recent literature has begun to address the stability of 2D materials under conditions relevant 

to environmental and biological effects.6,19,23–25 MoS2 has been experimentally confirmed 

to undergo oxidative dissolution,19,26 in agreement with thermodynamic predictions.6,19 

Graphene-based materials are also thermodynamically unstable to oxidation, but like most 

other carbons show very slow oxidation kinetics, and have been reported to require reactive 

oxygen species or oxidative enzymes for degradation over laboratory time scales.27–30 
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General degradation mechanisms for 2D nanosheets may be oxidative, hydrolytic, or 

reductive,6,31 and careful consideration of this degradation chemistry will be important for 

selecting suitable simulant fluids and for classifying 2D materials based on abiotic stability.6 

Most experimental studies to date have focused on oxidative degradation routes,6,19,27 but it 

is essential to also consider the other degradation modes.

A class of 2D materials resistant to oxidative degradation are metal oxides with high 

metallic oxidation states. An example is layered MoO3, which is being explored for 

applications that include antimicrobial agents in marine paints32,33 or medical devices6, 

lithium ion battery cathodes,34 chemotherapy agents,35 or smart chemochromic materials 

such as windows.36 Here we consider layered MoO3 nanoribbons as a case study in a 

dissolution screening framework for 2D materials. MoO3 is a layered material has a belt-like 

shape with approximate dimensions of 10μm (length) by 200 nm (width) by 10 nm 

(thickness).36 These dimensions indicate that MoO3 is a true 2D material, however the 

unusually large ratio (~50) between the two in-plane dimensions (10 um vs. 200 nm) also 

imparts a 1D or fibrous nature to the material. The dual 1D/2D structure gives the material 

properties characteristic of both nanosheet (2D) and fibrous (1D) materials. As a 2D material 

it is a few-layered nanoplate that can serve as host for intercalation of foreign guest 

molecules,36 or be potentially be exfoliated into monolayer sheets. As a 1D material, it has a 

high aspect ratio (>50) and a total length large enough to potentially challenge cells in 

phagocytic uptake or internal vesicular packaging.37,38 The Young’s modulus of MoO3 

nanoribbons is estimated to be approximately 31 GPa while bulk MoO3 is reported as 540 

GPa39 For comparison, crocidolite asbestos has an elastic modulus of ~160–170 GPa40. The 

bending rigidity for MoO3 nanoribbons is sufficient to maintain their confirmation as 

straight rods (no significant curvature) during handling, abiotic dissolution, or cell 

interactions as seen in Figs. 1,3, and 4.

The 1D nature of MoO3 nanoribbons is of particular relevance for investigation of potential 

adverse human health impacts, and it will be useful to consider its properties in the context 

of the fiber pathogenicity paradigm. This paradigm, as described by Donaldson et al.41 

identifies width, length and biopersistence of natural and man-made fibers as critical 

determinants of lung disease following inhalation. A fiber is considered biopersistent if the 

rate at which it dissolves is slow relative to the rate of physical removal from the lung.42 

Both biopersistence and length of a fiber are critical factors in determining the removal of 

fibers from the lung. Dissolution can result in either complete disintegration or breakage of 

long fibers into several shorter fibers. Short fibers (<15um) are fully engulfed by 

macrophages and readily cleared from the lung. Longer fibers (>15–20um) are more difficult 

to clear from the lung because they are not easily taken up by macrophages, resulting in 

incomplete or frustrated phagocytosis.41 Thus, the persistence of long fibers in the lung 

determines the delivered dose to the lung tissue. Fibers that remain in the lung for an 

extended period of time have the potential to cause persistent inflammation, fibrosis and 

cancer.43,44

Experimental studies using silicate-based fibers, crocidolite asbestos and wollastonite, 

support the fiber pathogenesis paradigm. Wollastonite fibers undergo complete dissolution in 

phagolysosomal simulant fluid within 90 days.45 Elimination of wollastonite fibers from the 
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lung is primarily attributed to dissolution, with short half-life of 15–21 days. Wollastonite 

exposure does not induce lung disease due to its rapid dissolution and lack of surface 

reactivity.46–48 In contrast, both in vitro and in vivo studies show that crocidolite asbestos 

fibers dissolve slowly, with a half-life of 240 days, while longer (>5um) fibers persist for 

over one year in rats.49,50 Long crocidolite asbestos fibers undergo frustrated phagocytosis 

and the retention of these fibers in the lungs and pleura results in extensive cytotoxicity due 

to the surface redox activity of iron (III) along the fiber surfaces leading to the formation of 

reactive oxygen species.43,51,52 Leakage of reactive oxygen species into adjacent tissues has 

been shown to induce DNA damage, inflammation, fibrosis and cancer.43,53,54 The fiber 

pathogenicity paradigm has recently been extended to include high-aspect-ratio 

nanomaterials (HARNs). Carbon nanotubes, titanium dioxide nanorods and silver or nickel 

nanowires have all been shown to be biologically durable and induce frustrated phagocytosis 

in macrophages.41,55,56 Several of these HARNs induce similar effects as crocidolite 

asbestos fibers, including cytotoxicity, inflammation and cancer in rodents.41,57,58

As the biological durability of fibrous nanomaterials is closely linked to adverse health 

impacts, this study focusing on the dissolution kinetics of MoO3 nanoribbons is particularly 

relevant for environmental and biological media. The cellular uptake and cytotoxicity of 

MoO3 nanoribbons in macrophages are compared to MoO3 particles, as well as to 

wollastonite and crocidolite asbestos as fibrous reference materials. Together, these chemical 

and in vitro biological studies provide insight into whether this novel HARN fits into the 

fiber pathogenicity paradigm. Finally, in the last section the results will be used as a case 

study to demonstrate how dissolution screening and in vitro biological studies can be 

incorporated in a tiered testing strategy for emerging 2D nanomaterials.

Materials and Methods

MoO3 Synthesis and Characterization

The MoO3 nanoribbons investigated herein were synthesized following the procedure 

described by Wang et al.6 Exactly 0.36g of molybdenum powder was mixed with 30ml 

distilled water in an Erlenmeyer flask. Drop-wise 2.5ml of 30% aqueous hydrogen peroxide 

solution was added followed by 20min of stirring. The solution was then transferred to a 

50ml Parr acid digestion bomb with a Teflon liner and heated at 180°C for 12h. The cooled 

products were washed with ethanol three times using centrifugation and finally dispersed 

and stored in distilled water. The MoO3 stock suspension was characterized using a 

Scanning Electron Microscope (SEM, Zeiss LEO 1530 and FEI Scios Dual Beam FIB/SEM) 

with Energy Dispersive X-Ray (EDS), Transmission Electron Microscope (TEM, JEOL 

2500), Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Thermo 

Scientific iCAPtm 7400), Raman Analysis (532 nm at 5mW) and X-ray diffraction (XRD, 

Bruker Eco Advance). The ICP-OES measured concentration of the final suspension was 

4.7mg mL-1. The dimensions of these materials were confirmed to be 10μm by 200 nm by 

10 nm (Fig. 1), and consist of ~7–9 monolayers separated by Van der Waals gaps, in which 

each fundamental MoO3 monolayer itself consists of three atomic layers of covalently 

bonded Mo and O atoms (Fig. 1A). The MoO3 nanoribbons were stable in the concentrated 

stock solution over the course of the study (>8 months). Note that all reagents used in this 
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MoO3 synthesis were purchased from Sigma-Aldrich. Additional synthesis and 

characterization data can be found in Wang and Koski.36

Fluid media for accellular dissolution studies

MoO3 nanoribbons were studied in the following six fluid environments: nanopure water 

(NP H2O, pH 7.0), EPA moderately-hard water (Mod pH 7.8)59 phosphate buffered saline 

(PBS, pH 7.4), Roswell Park Memorial Institute Medium (RPMI, pH 7.4), simulated lung 

fluid (SLF, pH 7.5)60 and phagolysosomal simulant fluid (PSF pH 4.5).61 Complete 

formulations of each media are listed in SI (Suppl. Tables 1–5). These different media were 

chosen to mimic different exposure scenarios. EPA Mod mimics freshwater environments 

while PBS has the pH and ionic strength typical of biological fluids. RPMI is a commonly 

used cell culture medium and was supplemented with 10%, v/v Fetal Bovine Serum (FBS). 

SLF and PSF mimic two local environments relevant to inhalation exposure: the lung 

extracellular environment (SLF) and the phagolysosome after uptake by macrophages (PSF).
33 All six fluid environments were never diluted below 90% of the initial solution 

composition when adding aliquots of the aqueous MoO3 stock for biopersistence testing. 

Reagents used to prepare Mod, SLF, and PSF were either ACS or reagent grade and 

purchased from Fisher Scientific (Fairlawn, NJ), Sigma Aldrich (St Louis, MO), Arcos 

Organics (NJ, USA) or Alpha Aesar (Ward Hill, MA, USA). PBS, RPMI and FBS were 

purchased from Fisher Scientific (Fairlawn, NJ).

Dissolution and aggregation screening studies by DLS

Screening level stability tests were performed using a Malvern Zetasizer DLS 

(Worcestershire, United Kingdom) using a 90o scattering angle. The MoO3 stock described 

above was vortexed for 1min and then bath sonicated for 15min prior to use. The stock was 

diluted 1:10 into plastic disposable polystyrene cuvettes using each test media described 

above, resulting in a nominal Mo concentration of 470mg L−1 and total volume of 1 ml. 

Each cuvette was capped mixed by inversion for 1 to 2s prior to placement into the DLS. No 

additional mixing was used during DLS measurements. Instrumental triplicate readings were 

taken every 20s resulting in 1 data point per minute. Z-average was the selected as the metric 

for this work due to its widespread use and minimization of reported variability. Although Z-

average measures hydrodynamic diameter (HDD), it is employed here as a semi-quantitative 

indictor through which the evolution of the effective nanosheet size during dissolution or 

aggregation can be monitored over time.

ICP-AES measurements of dissolution rates

Nanoribbon dissolution rates were determined by time-resolved ICP-OES measurement of 

total soluble Mo in aqueous solution after filtration removal (0.02μm cutoff) of the 

remaining solid phases. A syringe pump was purchased from New Era Pump Systems, Inc. 

(Farmingdale, NY, USA) and was set to a flow rate of 1ml min−1 for a total time of 1 minute 

and 25 seconds. Reaction vessels were prepared in sterile centrifuge tubes and an aliquot of 

sample (~1.5ml) was removed for filtration using a 5ml BD disposable syringes (BD 

Medical, Franklin Lakes, NJ, USA) connected by luer-lok to 3.5in disposable hypodermic 

needles (Air-Tite, Virginia Beach, VA, USA). Syringe needles were removed after the 

subsample was collected and replaced with cartridge syringe filters syringe taking care to 
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prevent introducing air onto the filter cartridge. The cartridge filters were 0.02μm Anatoptm 

10+ and 25+ syringe filters (GE Healthcare Life Sciences, Buckinghamshire, UK). Both 

filters utilize the same membrane and only differ in the total sample volume each disposable 

filtration unit can accommodate. The total Mo concentration of all experimental replicates 

was 47mg L−1 nominally based on the measured concentration of the stock. Filtrates were 

collected at 1, 15, 30, 45 and 60min for all matrices. The time points listed indicate the start 

of the filtration procedure. PBS and PSF required additional time points between 1–15min to 

attempt capture of partial dissolution. Filtrates were analyzed using multiple ICP-OES/AES 

instruments, a Horiba Jobin Yvon 2000 Ultratrace ICP-AES (Kyoto, Japan) or a Thermo 

Scientific iCAPtm 7400 ICP-OES. Dissolution data was normalized to total Mo 

concentration measured from unfiltered aliquots of each sample.

Dissolution reaction stoichiometry

The evolution of pH during MoO3 nanoribbon dissolution was used to gain insight into the 

reaction stoichiometry. The initial pH of nanopure water was adjusted using 0.1M NaOH 

(Fisher Scientific, Lot 081317, Fair Lawn, NJ) and then measured as 9.89 using an Oriontm 

8102 BNUWP ROSS Ultra pH electrode (Thermo Fisher Scientific, Waltham MA). A 45μL 

aliquot of the 4.7g L−1 stock was added to 45ml of nanopure water, and the change in pH 

was measured until the value stabilized for > 1h. The measured value was compared to the 

theoretical H+ produced using the stoichiometry shown in equation 1 and the modeled pH 

change using the chemical equilibrium model, visual MINTEQ 3.1.62 MINTEQ was used to 

mimic adjusting solution pH to 10, and subsequently the exact addition of MoO3. The pH 

predicted by adding MoO3 was compared to the experimental value. The modeled system 

was assumed to be open with respect to atmospheric CO2 as experiments were conducted in 

open atmospheric conditions.

Cellular maintenance and material treatments

Cellular studies were conducted using J774A.1 murine monocyte-derived macrophages 

(ATCC TIB-67, Snyderman, 1950)63 cultured in RPMI 1640 media supplemented with 10% 

fetal bovine serum and 0.1% penicillin/streptomycin. Cells were maintained in a 5% CO2 

humidified environment at 37⁰C. Prior to exposure to test or reference samples, cells were 

seeded as adherent monolayers and incubated for 24 hours. 2D MoO3 nanoribbons36 and 

MoO3 nanoparticles (US Research Nanomaterials US3330) suspended in sterile water were 

sonicated in a bath sonicator for 1 hour before concentrations of 10–100μg ml−1 were 

prepared in supplemented RPMI media. Crocidolite asbestos and wollastonite fibers were 

used as positive and negative high aspect ratio reference materials, respectively. Crocidolite 

asbestos fibers originally prepared and characterized by the Union Internationale Contre le 

Cancer64 were purchased from Duke Scientific Corporation (Palo Alto, CA). NYAD 1250 

wollastonite (Lot 11–28-94) was a gift from NYCO (Willsboro, NY). Crocidolite asbestos 

stocks were prepared as described in Sanchez et al. (2011).65 Wollastonite stocks were 

prepared in sterile water, autoclaved for 30min and stored at 4⁰C. Final concentrations of 10–

100μg ml−1 were prepared in supplemented RPMI media. Images, dimensions and surface 

areas of all nanomaterials or fibers are included in SI (Suppl. Fig. S1, Table S6). Sodium 

molybdate (Sigma Aldrich, 737860) was dissolved in sterile water at 50mg ml−1 before 
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dilutions were prepared in supplemented RPMI media at equivalent ionic Mo concentrations 

as in fully dissolved MoO3 nanoribbons (Suppl. Table S7).

Confocal Imaging

Nanoribbon internalization was assessed by staining murine macrophages with 500nM 

Lysotracker red DND (Invitrogen L7528) and Hoechst 33342 (1:3000, Invitrogen H3570) to 

visualize lysosomes and nuclei, respectively, in FBS-free media for 35min at 37⁰C. Cells 

were then exposed to MoO3 nanoribbons (470μg mL−1), MoO3 nanoparticles, crocidolite 

asbestos or wollastonite (100μg mL−1) in HEPES supplemented, complete RPMI media and 

incubated at 37⁰C in an environmental chamber on a Zeiss LSM 710 confocal microscope. 

Confocal images were taken at 63× every 10min over 2h with both fluorescent and DIC 

filters. Image J software (imagej.nih.gov/ij) was used to separate the color channels for each 

image, creating greyscale images. The look up table (LUT) was then used to assign artificial 

colors to the bright and dark regions of the image. This technique allowed us to artificially 

color the lysosomes magenta and the particles green in order to highlight their localization 

within the cell.

Cathepsin B localization was used as a marker of lysosomal integrity. After exposure to test 

and reference materials for 60min, macrophages were washed with PBS and incubated in 

Magic Red in vitro Cathepsin B reagent (1:10, ImmunoChemistry Technologies) and 

Hoechst 33342 (1:3000, Invitrogen H3570) for 15 min at 37⁰C. Cells were then washed with 

PBS and fixed in 4% paraformaldehyde for 10min before obtaining confocal fluorescent 

images of cathepsin B activity and localization at 63× on an Olympus IX81 microscope.

Cytotoxicity Assay

Cytotoxicity was determined using a LIVE/DEAD viability assay (Invitrogen L3224). 

Briefly, cells were seeded in 96 well Greiner μClear imaging plates (USA Scientific), 

allowed to attach for 24h, and exposed to 2D MoO3 nanoribbons, MoO3 nanoparticles, 

crocidolite asbestos, wollastonite or sodium molybdate for 1, 7 or 24h. Following exposure, 

cells were washed with PBS and incubated with 2μM calcein AM and 4μM ethidium 

homodimer 1 in phenol and FBS-free media for 10min at 37⁰C. This assay distinguishes live 

from dead cells by simultaneously staining the live cells with green fluorescence due to 

intracellular esterase activity and the dead cells with red nuclear fluorescence due to binding 

of ethidium homodimer to nuclear DNA following loss of plasma membrane integrity. 

Widefield, fluorescent images were obtained at 10× on an Olympus IX81 microscope. Three 

fields of view, each containing >500 cells, were taken of each condition to ensure accurate 

representation of the cell population. Each experiment was conducted with three biological 

replicates. Images were analyzed using CellProfiler software66 to obtain live (green 

fluorescence), dead (red fluorescence) and total cell counts. Statistical analysis was 

conducted as a two-way ANOVA with a Dunnett multiple comparison test in GraphPad 

Prism 7.
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Results and Discussion

MoO3 nanoribbon behavior in fluid simulants

The MoO3 nanoribbons (Fig. 1) were added to various environmental and biological fluid 

media as aliquots from the concentrated stock suspension, and the ribbon behaviors were 

monitored by DLS, ICP-OES/AES (filtrates), and electron microscopies (dried solid 

residues) as shown in Fig. 2–3. The media dependence of MoO3 behavior is clearly visible 

to the naked eye. MoO3 dispersions were initially white colloidal suspensions and did not 

change significantly in nanopure water (NP) (Fig. 2A). In PBS, however, the suspensions 

cleared after 20min (Fig. 2B), and no settled material was observed in any test cuvettes, 

suggesting complete MoO3 dissolution.

Dynamic light scattering was then used as a simple in situ screening tool to monitor 

nanoribbon stability (Fig. 2C). DLS is a simple, common and rapid analysis technique67,68 

that has been applied to measure changes in particle size distribution of nanomaterials in a 

range of complex media including river water, synthetic stomach fluid69 and various 

gastrointestinal simulant fluids.70 DLS measures hydrodynamic diameter (HDD), which in 

general is affected by aggregation, dissolution, or adsorption of macromolecules.71 For the 

complex nanoribbon geometry the reported diameters cannot be interpreted quantitatively, 

but the relative changes provide useful information here on dissolution and aggregation in 
situ. No change in HDD was observed in NP H2O or EPA Mod (Fig. 1C). In PSF, MoO3 

HDD increased from 667nm to 3867nm in 22min, with no further change detected by 60min 

(Figure 1C). In RPMI augmented with FBS, HDD increased from 1167nm to 1915nm in 

10min followed by a steady decrease in size to 487nm at 60min (Fig. 1C). The initial 

increase in HDD in RPMI was much smaller in magnitude than what was observed in PSF. 

Finally, DLS analysis on PBS and SLF yielded highly variable data (Suppl. Fig. S2), 

presumably due to rapid dissolution (see Fig. 2D) and thus very low light scattering signal 

throughout the experiment. The aqueous behavior of MoO3 nanoribbons is clearly complex 

and media dependent. Understanding this behavior requires quantitative measurements of 

dissolution products and pH effects.

Figure 2D shows ICP-OES/AES measurements of dissolved Mo fractions after 

ultrafiltration. Complete dissolution of the 2D MoO3 was achieved after one hour in MOD, 

PBS, RPMI and SLF, while the nanoribbons were stable in PSF and partially dissolved in 

NP (58%) at the time-scale. Note that in all experiments, 27%−37% of the total Mo is 

reported as soluble at the first-time point and likely represents dissolved Mo species 

coexisting with the nanoribbons in the stock suspension.

Dissolution was fastest in PBS and SLF, with more than 75% of Mo mass in filtrates at the 

1-min time point. MoO3 dissolution kinetics were slower in RPMI, requiring 30–45min. 

Interestingly, filtration indicated that MoO3 was completely dissolved in Mod after 15-min, 

in apparent contradiction to the stability suggested by DLS screening (Fig. 2C). This 

contradiction is explained by the difference in total MoO3 concentration relative to the fixed 

components in Mod and is discussed further in the SI.
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We are not aware of other solubility data on MoO3 nanoribbons, but data on bulk MoO3 

forms may provide insight into the chemistry that underlies the complex media effects seen 

in Fig. 2. Bulk MoO3 has been observed to dissolve in both water or alkaline solutions.72–74 

A very slow dissolution rate in pure water of 5.6 × 10−7 min−1 (characteristic dissolution 

time of 3.4 years) has been reported by Petrochenkov et al,72 for a powder form of MoO3. 

The particle size and crystalline form of this MoO3 powder were not reported. The proposed 

dissolution reaction72 is shown in Eq. 1:

MoO3(s) + H2O ⇔ 2H+ + MoO4
2 −(aq) 1

with the molybdate anion as the main Mo containing species. The dissolution rate of MoO3 

has been shown to increase with both pH and temperature72 and solubility increases with 

increasing pH.73 Dissolution of this MoO3 is reported to be favored at neutral or basic pH 

values, and dissolution-generated protons can slow the overall dissolution rate,75 becoming 

negligible at about pH 2.76 Evidence in support of this hypothetical reaction stoichiometry 

for the nanomaterial form can be obtained by monitoring pH evolution during dissolution 

and comparing it to predictions from Eq. 1. We adjusted the pH of NP water to ~10 with 

NaOH to promote rapid dissolution, and then added 4.7g L−1 MoO3 and took time-resolved 

measurements with a pH electrode. We observed decreases in pH over time, stabilizing at 

5.5 after 24 hours. Assessing Eq. 1 requires a calculation of the moles of H+ produced per 

mole of Mo dissolved, for comparison to the 2:1 stoichiometry predicted by Eq. 1. MINTEQ 

modeling of the dissolution process, assuming molybdate as the Mo-containing product, 

predicted a final pH of 5.5 (see Table 1). The moles of protons generated are quite similar in 

the three cases (Based on Eq. 1 stoichiometry, measured pH, and modeled pH in an open 

system) providing support for this dissolution stoichiometry (Table 1). This agreement also 

supports the assumption that the dominant aqueous Mo species is MoO4
2- rather than any 

polymolybdate species.77

This dissolution stoichiometry offers an explanation for many of the observed media 

behaviors. Our data show complete dissolution of MoO3 in RPMI, PBS, and SLF, all of 

which are buffered media (~pH 7), in which most of the dissolution-generated H+ are 

neutralized to prevent significant pH change. Removal of these protons shifts the Eq. 1 

dissolution equilibrium to the right by Le Chatelier’s principle and favors dissolution. In 

contrast, there is little dissolution in the acidic buffer (PSF, pH 4.5) or in pure water, the 

latter being unbuffered and subject to rapid acidification by the dissolution process itself. 

The EPA moderately hard water is an intermediate case, in which the ~ 1M bicarbonate acts 

as a partial buffer to limit acidification (see SI for further discussion of MoO3 dissolution in 

these carbonate solutions). The dissolution stoichiometry of Eq. 1 could thus explain many 

of the observed media effects in Fig. 2.

Other features in the Fig. 2 data can be related to colloidal stability or aggregation of the 

nanoribbons. The rise in hydrodynamic diameter in PSF likely represents colloidal 

instability due to electrostatic screening in this high-salt (ionic strength = 0.14M) fluid. For 

comparison, the low ionic strength of NP and Mod hard water yields stable sizes over time. 

The cell culture medium (RPMI), despite being a high-salt environment, does not induce 
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much aggregation, showing instead only a slight, early increase in apparent particle size 

compared to the aggregation observed in PSF. The relative lack of aggregation here is 

believed to be due to due to the dispersing effects of proteins adsorbed from medium. Indeed 

proteins such as BSA have been widely used to disperse nanomaterials for biological 

studies78.

Imaging of nanoribbon dissolution, cellular uptake and localization

It is noteworthy that the rate and extent of dissolution of the MoO3 nanoribbons is much 

higher in cell culture medium and simulated lung fluid (pH 7.5) than in phagolysosomal 

simulant fluid (pH 4.5). This pH dependence is consistent with the dissolution stoichiometry 

in Eq. 1, and this finding has potential implications for nanoribbon behavior in cell culture 

and in the human lung. First, the short dissolution time scales in RPMI/SLF (< 1hr) suggest 

that nanoribbon dissolution may occur partially or totally in the extracellular environments, 

in medium or lung lining fluid, prior to cell uptake, thus largely preventing direct cellular 

interaction with long, intact nanoribbons. Secondly, if some MoO3 nanoribbons do survive 

long enough for phagocytic uptake by macrophages and localization in phagolysosomes, the 

low pH of the phagolysosomal environment can be expected to slow the dissolution process 

and partially stabilize the ribbons as solids within the vesicle. Interestingly, this is the 

opposite behavior to that observed for many other metal-containing nanoparticles, which are 

more stable at extracellular (high) pH, and undergo acid-catalyzed dissolution with release 

of toxic ions in the lysosome or phagolysosome.14,31,79

To explore this interesting competition between cell uptake rates and dissolution rates in cell 

culture medium, and to monitor the shape and size of MoO3 nanoribbons during the 

degradation process, time-resolved imaging experiments were carried out in both cellular 

and cell-free environments (Fig. 3). In buffered cell-free environments, ex situ SEM imaging 

shows that the 1D/2D MoO3 nanoribbons undergo progressive shortening and thinning in all 

media buffered to prevent acidification by dissolution-generated protons (Fig. 3 upper 

images). The partially dissolved fibers continue to exist in straight, not curved or tangled 

states. While thinning decreases bending rigidity, shortening has the opposite effect (it 

inhibits fiber buckling), and shortening occurs here in parallel with thinning. Overall, we do 

not see a significant population of fibers that appear flexible in any stage of the process.

For the in vitro studies, macrophages were used because they are the initial cell to respond to 

inhaled fibers or particles deposited in the airways or alveoli. Macrophages phagocytize 

particles and fibers in order to clear them from the lungs.80 Since our acellular dissolution 

studies demonstrated that MoO3 nanoribbons dissolve over time in cell culture medium, we 

conducted confocal imaging to determine whether nanoribbons would be internalized by the 

macrophages prior to their dissolution. Nanoribbons suspended in RPMI media in the 

presence of macrophages underwent dissolution within one hour (Fig. 3), in agreement with 

the chemical dissolution studies in media without cells (Fig. 2D). Visual observation 

revealed that while most of the dissolution occurs in the extracellular media, some 

nanoribbons are internalized by macrophages prior to their complete dissolution (Fig. 3, Fig. 

4A). The MoO3 nanoribbons observed intracellularly were shorter, compared to the initial 

MoO3 nanoribbons, providing morphological evidence of partial dissolution of the 
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nanoribbons in the cell culture media prior to cellular uptake. Internalized MoO3 

nanoribbons may become thinner during dissolution, however, no visual evidence of 

flexibility was observed as all MoO3 nanoribbons and fragments appeared rigid in confocal 

macrophage images. After 60 mins, confocal imaging overlaid with DIC images confirmed 

the presence of MoO3 nanoribbons within the cell membrane, while nanoribbons in the 

external media appeared to have dissolved (Fig. 3, Fig. 4A). MoO3 nanoribbons within the 

cells were localized in the same focal plane as the nucleus (Fig. 4A). The acellular 

dissolution study showed slower dissolution kinetics for the 2D MoO3 nanoribbons in 

phagolysosomal simulant fluid than in cell culture media, and therefore we used confocal 

imaging to assess whether nanoribbons were localized, and possibly stabilized within 

lysosomes. LysoTracker Red was used to visualize lysosomes and combined with confocal 

and DIC imaging to determine nanoribbon location within the cell. MoO3 nanoribbons are 

seen to co-localize with lysosomes (Fig. 4B), and live cell imaging revealed that some 

internalized 2D MoO3 nanoribbons appeared to dissolve completely within 2 hours, while 

others persisted longer (Fig. 3, bottom image row).

In vitro toxicity assessment of MoO3 nanoribbons and reference materials

Crocidolite asbestos and wollastonite are naturally-occurring silicate-based, fibrous 

minerals. 2D MoO3 nanoribbons, crocidolite asbestos and wollastonite all have a length 

many times greater than their width, making them high aspect ratio materials (Suppl. Fig. 

S1, Table S6). Wollastonite is reported to completely dissolve in phagolysosomal simulant 

fluid within 90 days, and to display little toxicity and no association with lung disease in 

humans.6,45,48 In contrast, crocidolite asbestos does not dissolve in phagolysosomal 

simulant fluid over 90 days and is biopersistent in lung tissue.45,46 Biopersistence of 

asbestos fibers leads to inflammation, fibrosis and cancer.43,53,81 Thus, crocidolite asbestos 

and wollastonite are used in this study as positive and negative reference materials, 

respectively, for the cytotoxicity experiments in this study. Long crocidolite asbestos fibers 

are not easily engulfed by macrophages, resulting in frustrated phagocytosis.41,81 Redox 

catalyzed generation of reactive oxygen species leads to disruption of the lysosomal 

membrane allowing the protease cathepsin B to leak into the cytoplasm of the cell and 

initiate cell death by apoptosis.82,83 Previous studies have also shown that other 

nanomaterials, such as multi-walled carbon nanotubes, also induce frustrated phagocytosis 

and cathepsin B release.84–86 As a fibrous, high aspect ratio nanomaterial, 2D MoO3 

nanoribbons may also disrupt lysosomal membrane integrity leading to cell death.

To determine whether 2D MoO3 nanoribbons can disrupt the lysosomal membrane, we 

assessed intracellular release of cathepsin B after a 24-hour exposure (Fig. 5). We confirmed 

previous results by Palomaki et al84 showing that crocidolite asbestos fibers induce release 

of cathepsin B from the lysosomes, resulting in a diffuse fluorescent signal throughout the 

cytoplasm. In contrast, cells exposed to 2D MoO3 nanoribbons resembled untreated cells, 

with cathepsin B localized in punctate cytoplasmic foci. MoO3 nanoparticles and soluble 

molybdate ions also did not disrupt lysosomal integrity. Additionally, wollastonite also did 

not induce leakage of cathepsin B into the cytoplasm. Together these results show that the 

MoO3 nanoribbons can be internalized by macrophages prior to their dissolution and are 

localized within lysosomes but do not disrupt lysosomal membrane integrity. The possibility 
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that the MoO3 nanoribbons or released soluble molybdate ions could induce cytotoxicity 

was assessed next.

Cytotoxicity was determined after a 1h exposure, representing the time of initial 

internalization and extracellular dissolution, in addition to longer exposures, 7 and 24h, 

because some of the MoO3 nanoribbons appeared to persist intracellularly. MoO3 

nanoribbons (up to 100ug ml−1) did not induce cytotoxicity after any timepoint (Fig. 6). 

Wollastonite also did not induce cytotoxicity, in agreement with previous reports.47,87 In 

contrast, our data show a significant increase in cytotoxicity 7 and 24h after exposure to 

crocidolite asbestos (≥ 50ug ml−1) (Fig. 6A,B,C). This is in agreement with previous reports 

of crocidolite asbestos toxicity.43,51 As the 2D MoO3 nanoribbons showed some evidence of 

intracellular dissolution, we also investigated the cytotoxicity of MoO3 nanoparticles and 

soluble molybdate ions. Soluble molybdate ions (up to 100ug ml−1 or 690uM) induced no 

cytotoxicity (Fig. 6. D,E,F, Suppl. Fig S3.). Previous studies report that soluble molybdate is 

non-cytotoxic at these concentrations. Extremely high doses, ≥3mM, are required for soluble 

molybdate to induce cytotoxicity after 24h.19 Cell survival decreased significantly to 83% 

after 24h exposure to 100μg ml−1 MoO3 reference nanoparticles (Fig. 6D,E,F). This may be 

due to the higher biodurability of the MoO3 nanoparticles, compared to the nanoribbons. 

DLS stability assays show that MoO3 nanoparticles (Suppl. Fig. S4) do not dissolve as 

rapidly as MoO3 nanoribbons (Figure 2C), especially in buffered media (pH ~7).

Together, our data show that the fibrous remnants of the original MoO3 nanoribbons are 

localized within lysosomes after they are engulfed by macrophages. Once internalized, the 

nanoribbons do not disrupt lysosomal membrane integrity or induce cytotoxicity. Since the 

pH of extracellular lung lining fluid is 7.244, our data suggest that most of the MoO3 

nanoribbons would dissolve extracellularly following inhalation and any MoO3 nanoribbons 

that persist could be engulfed and cleared by macrophages, without any resulting 

cytotoxicity.

Proposed Framework for Early Hazard Screening of Emerging 2D Materials—
The present experiments on MoO3 nanoribbons were conducted as a case study in the 

context of a larger effort to develop tools for managing risks associated with emerging 2D 

materials as a general class. The large number of 2D materials and the rapid pace of ongoing 

discovery in this area provide strong motivation to devise simple screening strategies for 

grouping these sheet-like materials into rational sub-categories to guide and prioritize 

toxicity testing. A number of tiered testing strategies have been proposed in the general 

nanotoxicology literature,88–91 often beginning with characterization of nanomaterial 

physicochemical properties, or high-throughput in vitro toxicology screening. Many 2D 

materials are predicted to be unstable in biological media, however, and MoO3 is both 

predicted and observed to undergo dissolution at time scales equal to or shorter than those 

for cell uptake and processing. In such cases, the detailed physicochemical properties of the 

nanosheet solid (size, shape, surface charge, surface redox activity) become less important 

than the chemical properties of the dissolution products, which can be expected to be the 

drivers of most potential adverse outcome pathways. An alternative approach is therefore 

needed for efficient and systematic hazard screening of emerging 2D materials.
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Figure 7 outlines our proposal for a biodissolution-based inhalation hazard screening method 

tailored for 2D material nanosheet powders. For a given test material, the screening method 

begins with a literature search on its chemistry, stability, and solubility. Because the current 

data available on nanosheet forms are limited, in many cases this first step in the framework 

must rely on data available for bulk forms, and should focus not on dissolution kinetics, but 

rather on the likely chemical pathways of biodegradation. Plausible pathways are identified 

from the set of (i) oxidative, (ii) reductive, or (iii) hydrolytic. The identified transformation 

pathway is then used to select one or more fluid simulant phases for dissolution testing (Fig. 

7, central rectangle).

For materials susceptible to oxidation, experiments are recommended in simulated lung 

lining fluid with continuous or periodic exposure to atmospheric air to maintain oxic 

conditions. For materials susceptible to reductive degradation, simulated lung fluid (SLF) 

supplemented with glutathione at physiological concentrations (0.4–0.5mM)92 and refreshed 

as needed to ensure stoichiometric excess is recommended. For materials likely to undergo 

hydrolytic or acid/base dissolution, experiments are recommended in both lung lining fluid 

as a model for the extracellular space, and phagolysosomal fluid as a model for macrophage 

uptake. Analytical methods used for screening or quantitative evaluation of 2D material 

dissolution or biopersistence should be selected based on the 2D material elemental 

composition and suspension characteristics. The present case study used DLS and ICP-OES 

soluble metals analysis as simple techniques to monitor degradation. Materials that are 

poorly dispersible or have broad size distributions may be less suitable for DLS screening, 

and materials with insoluble or complex degradation products may require other methods. A 

large number of different analytical techniques have been explored and reviewed for 

characterizing nanomaterial mass, number, or size distributions.93–98

The results of simple dissolution kinetic studies are used to provisionally place 2D materials 

in one of four classification/prioritization groups, A to D (Fig. 7). Materials showing no 

measureable degradation in laboratory assays are referred to as Class A substances. Classes 

C or D materials exhibit rapid dissolution and are distinguished based on the hazard level of 

the dissolution products: high for Class C; low for class D. Class B materials exhibit an 

intermediate behavior in the form of slow degradation, where the effects of both the solid 

material and dissolved products must be considered.

Class A substances must be regarded as potentially biopersistent and become high-priority 

candidates for full solid-phase characterization and nanotoxicity testing using conventional 

approaches. For example, the dissolution rate constant (kdis = ng/cm2/h) for crocidolite 

asbestos in simulated lung fluid (pH 7.4) is extremely low (0.3 ± 0.1) and shows <1% 

dissolution in phagolysosomal simulant fluid (pH 4.6) after 56 days.99 Thus, crocidolite 

asbestos would be classified as a Class A substance. Class B materials exhibit an 

intermediate behavior in the form of slow degradation, as has reported recently for 2D 

MoS2.19 Their hazard assessment is complicated by the simultaneous co-exposure to solid 

particles and soluble ions, but their finite degradation rates suggest no long-term 

biopersistence The practical application of this classification framework will require a 

definition of “slow” dissolution (Class B) and its distinction from “fast” dissolution (Classes 

C,D). For this inhalation-based framework, we propose to distinguish between the two by 
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using the time scale associated with macrophage clearance in the lung. Inhaled particles that 

dissolve slowly (>24–48 hours) in simulated lung fluid (pH 7.4) are most likely be taken up 

by macrophages as solid particles and cleared from the lungs by mucociliary transport 

towards the larynx where they would be expectorated or swallowed. In this case (Class B), 

additional studies would be warranted to assess dissolution in simulated saliva and gastric 

fluid31,101, which become secondary targets following the initial lung target. In contrast, we 

define Class C,D materials as those undergoing majority dissolution in < 24–48 hrs. These 

“rapidly” dissolving materials would likely be converted to molecular species in situ in the 

lung following inhalation, thus evading macrophage clearance and the degradation products 

would follow a different biokinetic pathway from those in Class B materials.

Overall, Class B materials are lower priority than recalcitrant Class A materials as solids, but 

hazards may be present and need to be assessed,. An example of a Class B material outside 

the world of 2D materials is the non-pathogenic synthetic vitreous fiber MMVF22. This 

material undergoes dissolution, with a dissolution rate constant of 119 ± 41 ng/cm2/hr in 

simulated lung fluid (pH 7.4) and 51% dissolution after 56 days in phagolysosomal simulant 

fluid.99 This places these fibers at a lower priority that Class A materials, but hazards may 

be present and need to be assessed, especially with respect to acute effects or repeated 

occupational exposures.

Class C and D materials both exhibit rapid dissolution. Materials in these classes are 

unlikely to present hazards as intact solid materials but may release toxic soluble material in 

their dissolution products, and this release may be the primary factor driving adverse 

biological responses. Other rapidly dissolving materials may have soluble dissolution 

products of relatively low hazard (such as MoO3). Being chemicals rather than nanoscale 

materials, the hazards associated with soluble dissolution products may reasonably be 

assessed in many cases from existing literature if the degradation products are (a) already 

known, (b) can be determined by chemical speciation of the products of the dissolution 

testing, or (c) can be tested in vitro by exposing cells to the full degradation product mixture. 

Based on one or more of these three approaches, a rapidly dissolving material may be placed 

into Class C (biosoluble with hazardous degradation products) or D (biosoluble with low 

hazard degradation products). Examples of nanomaterials with potentially hazardous 

dissolution products include some forms of nano-Cu or nano-Ag, which undergo oxidative 

dissolution (and fall within Class B or C) and for which biological activity is most 

commonly associated with the release of the copper or silver ion.79,102 Finally, the MoO3 

nanoribbons used here as an experimental case study are a clear example of a class D 

material, and would thus be a low priority for further, more detailed nanotoxicity testing. We 

anticipate the use of this framework, based on simple dissolution testing in appropriately 

selected chemically reactive fluid simulants, will accelerate and simplify the hazard 

assessment process and enable the safe design of emerging 2D materials. In future work, the 

framework may be extended to cover exposure routes other than inhalation, or to other 

classes of emerging materials, where stability and persistence in biological compartments is 

poorly understood.
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Figure 1. 
Morphology and composition of MoO3 nanoribbons. (A) atomic positions in three-layer 

MoO3 nanosheet structure (Mo in blue, O in red); (B) TEM images and SAED pattern of a 

MoO3 nanoribbon. Data were collected from JEOL2500 at 200keV (C) SEM image of 

nanoribbons deposited from stock suspension (Zeiss LEO 1530 5keV); (D) 3D sketch of 

typical nanoribbon dimensions; (E) EDS spectrum of nanoribbons on a Si substrate.
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Figure 2. 
Aggregation and dissolution studies of MoO3 nanoribbons. A-B. Optical imaging in NP (A) 

and PBS (B) showing contrasting behavior. DLS monitoring in four fluid media at 

nanoribbon starting concentration of 473 mg L−1 (C). Note that dissolution in PBS and SLF 

were too fast to obtain good DLS data. ICP-AES measurements of soluble molybdenum 

after ultrafiltration in six media at starting nanoribbon loading of 47.3 mg L−1 (D). N=3 for 

all data points.
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Figure 3. 
Evolution of nanoribbon morphology in various fluid media and in extracellular and 

intracellular environments during in vitro studies. Images above the blue arrow are from 

SEM analysis of dried samples after incubation in fluid simulants for defined times shown. 

Images below the blue arrow are confocal fluorescent images overlaid with brightfield DIC 

images. Black arrows in the images with macrophages (bottom two rows) show dissolution 

of the MoO3 nanoribbons while white arrows indicate MoO3 nanoribbons that persisted over 

100 mins. Hoechst stain (blue) = DNA; LysoTracker Red stain (pink) = lysosomes.

Gray et al. Page 21

Environ Sci Nano. Author manuscript; available in PMC 2019 September 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Internalization of high aspect ratio materials and particles by murine macrophages after 

60min. A) Confocal and DIC images showing the internalization of 2D MoO3 nanoribbons, 

MoO3 nanoparticles, wollastonite and crocidolite asbestos. Nuclei were stained with 

Hoechst (blue fluorescence). B) Colocalization of MoO3 nanoribbons, MoO3 nanoparticles, 

asbestos and wollastonite with lysosomes. Lysosomes and particles were highlighted with 

magenta and green pseudocolors, respectively, using Image J software. Arrows indicate 

internalization of nanoribbons, particles or fibrous reference samples.
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Figure 5. 
Fluorescent images of cathepsin B localization in murine macrophages. Confocal images of 

live cells stained for cathepsin B (red fluorescence) in untreated cells (A) and following 24h 

exposure to 10μg ml−1 2D MoO3 nanoribbons (B), crocidolite asbestos (C), wollastonite 

(D), MoO3 nanoribbons (E) or soluble molybdate ions (F). Cathepsin B release into the 

cytoplasm was only observed after asbestos exposure.
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Figure 6. 
Cytotoxicity of 2D MoO3 nanoribbons compared against that of reference high aspect ratio 

materials, molybdenum nanoparticles and soluble molybdate ions. Assessment of murine 

macrophage viability after 1h (A, D), 7h (B, E) and 24h (C, F) exposures was determined 

using the Invitrogen LIVE/DEAD assay, with calcein AM staining live cells (green 

fluorescence) and ethidium homodimer 1 staining dead cells (red fluorescence). No decrease 

in viability was detected in cells exposed to 2D MoO3 nanoribbons. Only crocidolite 

asbestos, significantly decreased viability after both 7 and 24 h of exposure (A, B, C). A 
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slight, but significant decrease in viability was induced by 24h exposure to MoO3 

nanoparticles, while soluble molybdate ions did not adversely affect cell viability (F). 

#p<0.05; *p<0.01; ***p<0.0001.
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Figure. 7. 
Proposed framework for 2D material hazard screening.
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Table 1.

Effect of dissolution reaction on suspension pH following addition of 4.7mg L−1 MoO3 in NP water adjusted 

to pH 9.98 based on the hypothesized stoichiometry (Eq. 1), experimental data and MINTEQ modeled values. 

Measured pH data was obtained as the average of 3 triplicate experimental replicates. The agreement in 

estimated NH+ values between the three methods provides support for the product identification (molybdate) 

and reaction stoichiometry hypothesized in Eq. 1 (2 moles H+ per mole MoO3 dissolved).

Method pH change during
dissolution

Apparent moles of protons
generated by dissolution
reaction, NH+ (μmol/L)

Eq. 1 prediction (for 4.7mg L−1 MoO3) n/a 98.6

Direct pH measurement 9.98 → 5.5 98.7

MINTEQ modelling of pH change in an open system 9.98 → 5.4 99.4
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