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Abstract

In-vitro high throughput screening platforms based on mechanistic injury pathways are been used
for hazard assessment of engineered nanomaterials (ENM). Toxicity screening and other in vitro
nanotoxicology assessment efforts in essence compare and rank nanomaterials relative to each
other. We hypothesize that this ranking of ENM is susceptible to dispersion and dosimetry
protocols, which continue to be poorly standardized. Our objective was to quantitate the impact of
dosimetry on toxicity ranking of ENM. A set of eight well-characterized and diverse low aspect
ratio ENMs, were utilized. The recently developed at Harvard in-vitro dosimetry platform, which
includes preparation of fairly monodispersed suspensions, measurement of the effective density of
formed agglomerates in culture media and fate and transport modeling was used for calculating
the effective dose delivered to cells as a function of time. Changes in the dose-response
relationships between the administered and delivered dose were investigated with two
representative endpoints, cell viability and IL-8 production, in the human monocytic THP-1 cells.
The slopes of administered/delivered dose-response relationships changed 1:4.94 times and were
ENM-dependent. The overall relative ranking of ENM intrinsic toxicity also changed
considerably, matching notably better the in vivo inflammation data (R2 0.97 vs. 0.64). This
standardized dispersion and dosimetry methodology presented here is generalizable to low aspect
ratio ENMs. Our findings further reinforce the need to reanalyze and reinterpret in-vitro ENM
hazard ranking data published in the nanotoxicology literature in the light of dispersion and
dosimetry considerations (or lack thereof) and to adopt these protocols in future in vitro
nanotoxicology testing.
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INTRODUCTION

Rapid development and commercialization of nanotechnology has produced an
overwhelmingly large number of engineered nanomaterials (ENMs). Variation in
physicochemical properties such as size, surface modifications, crystalline phase, and
impurity content for each ENM, results in hundreds of additional materials (Ayres et al.,
2008). More scenarios along the life cycle of nano-enabled products further result in
exposures to incidental nanomaterials whose properties may be significantly altered
compared to the initial raw materials. To match the pace of ENM synthesis and development
with toxicity assessment, high throughput approaches based on mechanistic injury pathways
have been proposed for ENM screening (Nel et al., 2013b, Jan et al., 2008, Watson, 2014,
E.H. Zhou, 2014). In-vitro cell based systems (single cell line or co-cultures) are the most
common in vitro testing platform; their widespread use being driven by lower costs and
simpler systems as compared to in-vivo testing. Toxicological outcomes from in vitro
systems are being used for initial screening and ranking of ENMs, as well as to investigate
influence of various physicochemical parameters (such as size, shape and surface activity)
on ENM toxicity (Luyts et al., 2013, Jones and Grainger, 2009, Warheit et al., 2007).

For in-vitro testing, ENMSs, which are normally agglomerated in nanopowder form, have to
be dispersed in certain liquid medium and eventually transferred into a physiologically
relevant media, typically cell culture growth media. The size, size distribution, and the
overall dispersion stability (re-agglomeration rate) are dependent on the dispersion protocols
(i.e. dispersion conditions and dispersant utilized). These dispersions, when applied for
cellular testing, can lead to re-agglomeration and formation of agglomerates larger than the
primary particle size of ENMs. More importantly, the effective density of these
agglomerates differs from the density of the raw material, at times by several folds,
primarily because of the protein corona formation and intra-particle trapping of culture
media (DeLoid et al., 2014). The effective density and agglomeration size influence the fate
and transport of ENMs in cell media, and defines their settling rate, as well as the other dose
metrics such as delivered mass, surface and particle number (DeLoid et al., 2014, Cohen et
al., 2013, Cohen et al., 2014a). Furthermore, effective density and agglomeration potential
of ENMs in-vitro may also alter the dissolution rate and available surface for bio-
interactions. The formed agglomerates of nanoparticles in-vitro have been shown to exert
different biological effects as compared to well-dispersed nanoparticles (Buford et al., 2007,
Sharma et al., 2014, Sager et al., 2007). To this effect, several studies have focused on
developing dispersion protocols that result in stable nanoparticle dispersion in
physiologically relevant in-vitro conditions (Cohen et al., 2013).

It is worth noting that, despite its great importance in an in-vitro system, effective density it
rarely measured as part of the characterization of ENM liquid suspensions.
Methodologically, effective density is also difficult to measure because it requires laborious
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experiments and expensive instrumentation, such as Analytical Ultracentrifugation
Centrifuges (AUC), which is not commonly available in nanotoxicology labs. Recently, a
fast and simple method called Volumetric Centrifugation Method (VCM) has been
developed at Harvard that enables nanotoxicologists to measure effective density of ENMs
in suspension (DeLoid et al., 2014).

A second critical consideration, besides dispersion quality, is the need to assess the dose
delivered to cells, which may be quite different from the administered doses usually reported
in in-vitro studies. In vitro nanotoxicology is often comparative in nature because it involves
the use of positive or negative ENM materials. The impact of inadequate characterization of
dispersion and dosimetry often goes unaccounted for, and may contribute to irreproducible
results within- and especially between-laboratories, skewed relationships between
toxicological outcomes and physicochemical properties, conflicting findings, and possibly
even wrong conclusions when materials get compared with each-other. Evidence
documenting these effects are slowly emerging (Hinderliter et al., 2010, Demokritou, 2012,
Sharma et al., 2014, Limbach et al., 2005, Teeguarden et al., 2007, Summers et al., 2011).
For these reasons, development of an integrated, standardized, reproducible, and
generalizable dispersion and dosing approach for toxicity evaluation of ENM(s) remains a
priority in in vitro nanotoxicology. Important early contributions in developing standardized
dispersion protocols (Buford et al., 2007, Bihari et al., 2008, Sager et al., 2007, Vippola et
al., 2009, Cohen et al., 2013) delivered dose models (Cohen et al., 2013, Hinderliter et al.,
2010, Teeguarden et al., 2007) and dose metric (Warheit et al., 2007) have laid the ground
work for a more generalizable approach.

A simple to use, standardized, and integrated platform across the dispersion-dosimetry
continuum referred as Harvard Dispersion Dosimetry Platform (HDDP) was developed by
the authors and used to estimate dosimetry in-vitro. This two step integrated dosimetry
approach is based upon the preparation of a well dispersed suspension of ENMs,
measurement of the effective density and size of formed agglomerates using the VCM
method and the use of advanced numerical models to derive the delivered to cell dose
metrics (DeLoid et al., 2014, Cohen et al., 2014a, Cohen et al., 2014b). Furthermore, simple
mathematical functions for a given media-ENM system called relative in-vitro dose
functions (RID), were derived from curve fitting of the numerical model output as described
in detail in the Cohen et al., 2014b paper. The RID functions may be used to calculate the
settling rate of formed agglomerates as well as their mass, surface and number dose metrics
as a function of time for the specific ENM type, cell culture medium, well plate combination
so are(DeLoid et al., 2014, Cohen et al., 2013, Cohen et al., 2014b). The RID functions are
provided in Table 2 in addition to the VCM-ISDD model estimates not as a substitute for
them. While we encourage the use of VCM-1SDD and other more sophisticated numerical
models for dose estimation, we believe that in their absence, and provided that the in vitro
system is identical or very close to the conditions that for which RID functions were derived
(as described in Table 2), the delivered dose estimates based on RID functions do provide a
good approximations and significant improvement over not considering dosimetry at all.

Here in this companion study, the aforementioned HDDP hybrid dosimetric methodology as
described in great detail by the authors in their two recent publications (Cohen et al., 2014b,
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Deloid et al, 2014) has been utilized to investigate the link between dosimetry and in-vitro
toxicological outcomes for low aspect ratio ENMs, including carbon based ENMs and metal
alloys. More importantly, the effect of dosimetry on in-vitro toxicological ranking of ENMs
was assessed. Eight ENM from different classes and covering a wide range of
physicochemical properties (size, shape, material density) were selected. These ENMs were
dispersed using the previously developed standardized dispersion protocol in a
physiologically relevant cell culture medium, followed by in-liquid media characterization,
which included measurement of the effective density of the formed agglomerates, using the
Harvard VCM method. THP-1 cells were dosed over a range of ENM concentrations (5
points, 1-50 pg/mL administered dose). The delivered dose to cells was calculated using the
previously reported dosimetry method (Cohen et al., 2013, DeLoid et al., 2014). The impact
of dosimetry considerations using this standardized dispersion-dosimetry platform was
assessed in-vitro in THP-1 cells using cell viability and cytokine release as representative
endpoints. It was demonstrated here that the proposed approach is generalizable for low
aspect ratio ENMs and essential for meaningful in vitro comparative toxicity assessment.

MATERIALS and METHODS

Nanomaterial characterization in nanopowder form

Eight ENM investigated in this study and summarized in Table 1 included: carbon black
(N110) (Bello et al., 2009, Hsieh et al., 2013), Printex-90 (Elder et al., 2005, Sager and
Castranova, 2009), H,0, oxidized single wall carbon nanohorns (SWCNHSs-o0x) (Bello et
al., 2009, Hsieh et al., 2013), titanium dioxide (TiO, P25) (VanWinkle et al., 2009, Keller et
al., 2010), cerium oxide (CeO») (Keller et al., 2010), manganese oxide (MnOx PALAS)
(VanWinkle et al., 2009), silver (VanWinkle et al., 2009, Rushton et al., 2010), and Nickel
nanoparticle (NI-Inco) developed for catalytic applications (Inconel). These materials have
been extensively characterized in the dry-state and reported in previous studies, as
summarized in Table 1. Briefly, characterization of dry powders included transmission
electron microscopy for primary size and morphology, specific surface area by BET, X-ray
diffraction for crystallinity, total and water-soluble metals by inductively coupled plasma
mass spectrometry (ICP-MS), and organic and elemental carbon. In addition, all materials
were characterized for their ability to induce biological oxidative damage using a serum
based Ferric Reducing Ability of Serum Assay (FRAS), as reported elsewhere by us (Hsieh
etal., 2013).

Engineered nanomaterial dispersion and characterization

The protocol developed recently by Cohen et al., (2013) and illustrated schematically in
Figure 1 was used for ENM dispersion. Briefly, all ENMs were sonicated at the
predetermined critical sonication energy (DSE.,) and ENM stock solutions (5 mg/mL) were
further diluted to 0.5 mg/mL in RPMI + 10% FBS, followed by a mixing step for 2 h on a
multi-stirrer plate. This mixing step improves stability and size of dispersion for certain
difficult-to-disperse ENM, such as Ni-Inco, as shown in the supplemental information. As a
standard practice, we do purge the dispersion medium with nitrogen, in order to minimize
dissolved oxygen and subsequent oxidation of metal ENM (e.g. Ag). Z-Average
Hydrodynamic diameter d (, z-ave), Polydispersity index (Pdl) and zeta potential (C) for
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ENM dispersions were determined by dynamic light scattering (DLS) using a Malvern
Zetasizer Nano-ZS instrument. Confirmation of DLS measurements with a secondary
technique is desirable (Warheit et al., 2007). Particle morphology and size of ENMs in the
RPMI+10% FBS dispersions were further characterized using transmission electron
microscopy on a Philips EM 400T. In addition to using TEM, we also used a new high-
resolution tunable resistive pulse sensing technology (TRPS, gNano from Izon Scientific,
Boston, MA) to verify size distribution (Pal et al., 2014). TRPS measures changes in
electrical conductivity as the nanoparticles pass one-by-one through a nanopore (Roberts et
al., 2010, Willmott et al., 2010). TRPS employs a fundamentally different measurement
principle compared to DLS, and it is an independent confirmation technique (Anderson et
al., 2013). Detailed descriptions of dispersion and characterization techniques are presented
in the supplementary section.

Determination of effective density

Effective density of all ENM samples was determined by using the recently developed
Harvard VCM method (Cohen et al., 2014b, DelLoid et al., 2014). Briefly, 50 ug/mL ENM
suspensions was aliquot into TPP packed cell volume (PCV) tubes (Techno Plastic Products,
Trasadingen, Switzerland) and centrifuged at 1,000 g for one hour. Agglomerate pellet
volume, was measured using a slide rule-like easy-measure device also obtained from the
PCV tube manufacturer. Effective agglomerate density was calculated from agglomerate
pellet volume values of each ENM and condition as described in (Demokritou, 2012, Cohen
etal., 2014b, DeLoid et al., 2014). Delivered dose values were calculated based on inputs of
DLS-measured agglomerate diameter and VCM measured effective density using the VCM-
ISDD model, as described in detail in Cohen et al., 2014b

RID functions

The Relative in Vitro Dose (RID) functions, which calculate deposited fraction of mass,
surface area and particle number concentration as a function of exposure time, for all ENMs
in this specific cell culture system (media type, well parameters, etc.) were derived as
detailed in (Cohen et al., 2014b). The deposition fraction constant, a. (h™1), needed for the
RID functions, was derived from curve fitting of the VCM-1SDD numerical model output.
Furthermore, the time required for the delivery of 50% and 90% of the administered dose,
t50 and t90 respectively, was calculated for each ENM as described in the aforementioned
references. The RID functions are not used in dosimetry calculations in this paper; they have
been provided here for reference and as part of the overall platform.

Cell culture and ENM dosing

Human monocyte/macrophage (THP-1) leukemia cell line was used in this study. Cells were
grown and maintained in RPMI 1640 medium containing 10% heat-inactivated FBS and
supplemented with penicillin G 50 U/mL and streptomycin sulfate 50 pg/mL, in 75 cm? cell
culture flasks (Corning) at 37°C in 5% CO, humidified incubator. When confluent, THP-1
cells were centrifuged and seeded in 96-well plates (VWR) at 5 x 10° cells/mL (total
volume 200 pL/well), in the presence of 20 ng/mL phorbol myristate acetate (PMA, Sigma-
Aldrich,) in order to differentiate them into mature macrophage- like cells (for MTT and
cytokine release experiments). Twenty-four hours after seeding, 100 pL of the medium was
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removed and cells were treated with different ENM mass concentrations (0, 1, 5, 10, 30 and
50ug/mL) or an equivalent amount of medium alone, and the final volume was adjusted with
media to 200 pL. All experiments were performed in triplicates. RPMI+10% FBS and PBS
were used as negative control for each time point in all the treatment cell culture plates.
Supernatants collected from cells induced with LPS (1 pg/mL final concentration) were used
as reference positive control for cytokine analysis. All nanoparticles were treated with
Polymyxin B to neutralize any endotoxin contamination.

MTT assay cellular viability

Cell viability was evaluated with the MTT assay kit (ATCC) based on reduction of the
yellow tetrazolium salt MTT (3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide)
to a purple, insoluble MTT-formazan. Cells were maintained in RPMI+10% FBS and plated
in 96 wells plate as described above and exposed to ENM dispersions for 24 h. Afterwards,
the cells were washed twice with 100 pL of PBS and incubated with MTT reagent in 200 pL
RPMI+10% FBS for 3—4h. Afterwards, the medium was removed and replaced by 200uL of
detergent to dissolve the MTT-formazan crystals. The plates were then kept for 5-6 h in the
incubator followed by light absorption measurements. The readings were measured at 550
nm (reference wavelength at 670 nm) in a spectrophotometer (BioTek Synergy, VT). Triton
X-100 (0.01%) was used as positive control, whereas medium alone was used as a negative
control.

Cytokine analysis

Microscopy

The media supernatants were harvested after 24 h of treatment and stored at -80°C TM
degree, which were later used to perform cytokine analyses using Luminex (x-Map)
technology). Samples were assayed using a 13-plex high sensitivity human cytokine Kit
(Millipore, Billerica, MA) according to the manufacturer’s instructions. The results were
analyzed using a Luminex 2001S System (Luminex Corporation, Austin, TX). Cytokine
concentrations were calculated using Upstate Beadview (Temecula, CA) software. Here,
IL-8 is used as a representative cytokine for comparative purposes.

For microscopy analysis, 5 x 10 THP-1 cells were seeded in 1 mL of culture medium in 12-
well plates and were grown and allowed to attach for 24 h on glass coverslips in the wells as
described above. Cells were treated with 50 pg/mL ENM suspension for 24h. The ENM
medium was then removed and cells were washed twice with PBS. Cells were then fixed
with 4% paraformaldehyde and coverslips were mounted on a glass slide for microscopy.
The image data were taken using a Zeiss 710 laser scanning confocal instrument.

Toxicity response assessment

The initial toxicity assessment for all ENMs for these representative endpoints was done on
the basis of administered doses (ug/ml) to the cells. A complete dose range toxicity
assessment was conducted to determine Inhibitory Concentration (1C) mass dose for all
nanomaterials with cell viability as toxicity endpoint. As discussed earlier, further dose
calculations for all ENMs were done to convert the administered doses to delivered mass
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doses (ug). Further, the 1C25 mass values for each ENM was used to extrapolate IL-8
cytokine release at that delivered mass and comparisons were made with the slopes of dose-
response curves for each dose. It should be noted that alternative metrics based on number
concentration (directly measured by TRPS and calculated by the dosimetry model) and mass
per unit surface area of cells are available and will be used in subsequent multiparametric
analysis of multiple toxicity endpoints and PCM properties. Because several of these dose
metrics are highly correlated with each-other (e.g. deposited mass in pg/cell and deposited
number concentration in number particles/cell), the outcome of the comparative analysis
based on the mass matric remains unchanged.

In vivo to in vitro comparisons

In vivo lung inflammation data (polymorphonuclear leukocytes (PMN) cells in the
bronchoalveolar lavage of rodents) after 24 h of intra tracheal ENM instillation for a subset
of five out of eight ENM was obtained from the published literature as referenced in Table 1
and 5 as follows: Printex-90 and nano TiO, from (Sager and Castranova, 2009, Baisch et al.,
2014), and ceria from (Ma et al., 2011). For Ni Inco and nAg, the PMN data was kindly
provided by Prof. A. Elder, University of Rochester, USA. The in vivo lung inflammation
data were normalized to PMN cells/pg instilled ENM. No suitable data were found for three
materials: SWCNH-o0x, N110, and MnOx. The in vivo PMN data was compared to cell
viability slopes (% dead cells/ug ENM) in regression analysis.

Statistical analysis

RESULTS

Statistical differences between groups were tested via repeated measures two-way ANOVA,
Tukey multiple comparison test, in Graphpad prism software 5 Inc, CA, USA. Regression
analysis and Spearman rank order was used to compare in vitro data to in vivo lung
inflammation. All experiments were repeated three independent times (n = 3). Results were
considered statistically significant at p < 0.05. Results are expressed as mean + SD or
otherwise stated.

Particle characterization of dry ENM powder

The selected set of low aspect ratio ENM covered a broad range of ENM physicochemical
properties (sizes, shapes, surface area, metal content, surface chemistry and material
densities). Key physicochemical properties of the dry powders, most relevant to the current
investigation, are summarized in Table 1. SSA for carbon based ENMs ranged from 111
m?2/g for N110 to as high as 1154 m2/g for SWCNH-ox, whereas for metal/metal oxide
group, SSA varied from 18 m?/g for nAg to a maximum of 91 m2/g for Ni Inco. The
material powder density of ENMs varied considerably for metal/metal oxides ENMs (range
of 4.25-10.50g/cm3) in comparison to that of carbon based ENMs (range 1.25-1.85 g/cm3).
The primary particle size by BET and XRD compared reasonably well. Interested reader can
find additional characterization for these materials in the referenced publications.
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Bio-relevant ENM dispersion and its stability

As depicted in Figure 1 and described in methods, a previously published (Cohen et al.,
2013) dispersion protocol was used. Figure 2 shows the effect of increasing sonication
energy on ENM hydrodynamic size d (, z-ave) in DI water as measured by DLS. A familiar
asymptotic curve was observed for d (n, z-ave) as a function of sonication energy for
SWCNH-ox, TiO, P25 and nAg (Figure 2). For ENMs like Ni-Inco and MnOx-PALAS a U-
shaped pattern was observed (Figure 2), highlighting the fact that sample over sonication
can result in higher sizes for nanomaterials and that experimental determination of DSE; is
important. To the best of our knowledge, this is the first time such a U-shaped curve has
been reported. For the majority of ENMs, DSE., was close to 262 J/mL except for
SWCNHSs-ox and TiO, P25 with DSE; at 161 J/mL. Table 2 further summarizes the DLS
measured ENM properties (size, Pdl and zeta potential) for all the ENMs in DI water at
DSE_; sonication energy. Except for Ni-Inco (1791.3 = 51.7 nm) and MnOx-PALAS
(1489.5 * 44.5nm), the d (n, z-ave) Obtained for all ENMs were in the nano size range. These
two materials were chosen because they were known to us to be difficult to disperse. For
CeO5 and nAg, the sizes measured were close to 100nm, whereas for TiO, P25 the

d (h, z-ave) Was 336.0 + 9.0 nm. The polydispersity values were in the range of 0.20 to 0.61
depending on ENM type. The difference in sizes and polydispersity correlated well with
Zeta measurements as the dispersion with zeta values higher than —=30mV and +30mV are
considered stable (Vippola et al., 2009). With the exception of SWCNH-o0x, N110 and nAg,
all other ENMs had positive zeta potential values (charges) in DI water. As expected, Ni-
Inco and MnOx PALAS had very low zeta values owing to fast sample aggregation and
coarse agglomerates formation, consistent with previous reports by the authors (Cohen et al.,
2013).

For these difficult to disperse ENM, addition of a mixing step in the dispersion protocol
improved significantly the size and stability of certain metal oxides ENM dispersions, as can
be seen especially for MnOx PALAS and Ni-Inco (supplemental information, Table S1).
Optimization experiments on the effects of mixing, duration, and concentration of FBS (0-
10%) used for stabilizing ENM dispersions suggested that mixing had a notable effect
during the first 2 h and it is a necessary step for certain ENM. Stable ENM dispersions could
be achieved only with at least 10% FBS. The effect of mixing duration, % of FBS used for
stabilizing ENM suspensions (Figure S1, S2 and Table S1), had a considerable effect on the
deposited ENM doses, as observed through optical microscopy images (Figure S3), and also
translated to differences in toxicity patterns as seen with cell viability (Figure S4). As
expected, unstandardized and suboptimal dispersion protocols lead to significant variations
in outcomes and irreproducible results, and robust standardized dispersion protocols should
be used. Here we focus only on the impact of using an integrated dispersion and dosimetry
platform on toxicity ranking of different ENM.

Table 2 further details charge of all ENMs dispersed in RPMI+10% FBS condition after 24h
mixing. It also highlights the consistent stability of all ENMs over a period of 24h. All the
dispersions had a zeta potential closer to —12mV, typical of RPMI+10% FBS medium.
ENMs with positive zeta values in DI water (Ni-Inco, CeO, and Printex-90) had much
higher polydispersity, agglomeration and aggregation as compared to ENMs with negative
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zeta values in DI water (SWCNH-ox and N110). The size and morphology of all ENMs
dispersions (in RPMI+10% FBS) was further characterized using Transmission Electron
Microscopy (TEM) and the data is summarized in the insert images in Figure 3, alongside
DLS size distributions. TEM is a commonly used confirmatory technique for such purposes.
It should be reminded though that sample preparation (transfer onto the TEM grid and
drying) and TEM imaging conditions (high vacuum and high energy beam) may and often
do induce changes in the agglomerate size and morphology and these observations should be
interpreted as indicative rather than confirmatory. Keeping this in mind, Figure 3 inserts
show that SWCNHs-ox and nAg had spherical geometry in contrast to more variable
morphologies observed for N110, Printex-90, TiO,, Ni-Inco and MnOx PALAS. CeO,
nanoparticle in dispersion preserved the cubical morphology typically seen in dry state.
TEM images for Ni-Inco and MnOx PALAS also confirm the higher polydispersity of these
ENMs. Overall, TEM imaging agrees well qualitatively with the DLS measurements.

Table 3 reports the VCM measured effective densities of all ENMs. For carbon based
ENMs, the effective densities (1.04-1.25 g/cm3) were only slightly different from their
respective raw material densities (1.25-1.85 g/cm3). In contrast, the effective densities of
metal/metal oxide ENMs (1.31-2.30 g/cm3) were significantly smaller in comparison to
their raw material densities (4.25-10.50 g/cm3). Particle effective density and particle size in
dispersion medium (i.e. material agglomeration state) plays an important role in determining
particle mobility in suspension and thus the overall ENM dose delivered to the cells in-vitro
(Cohen et al., 2013, Cohen et al., 2014b, DeLoid et al., 2014).

In addition, Table 3 summarizes the administered dose, particle- and media-specific
deposition fraction constant, a (h™1), VCM-ISDD estimated deposited doses and time
required to deliver 90% of the administered dose to cell, tgg (h) for all ENMs dispersed in
RPMI+10% FBS condition. Figure 4 illustrates the VCM-1SDD derived time elapsed
estimated deposited dose for all ENMs, as described in detail in Cohen et al 2014b.

Effective density influences deposition fraction constant, a and tgg. ENMs with higher
effective density value aggregates (mostly metal/metal oxides) had a comparatively larger a
values and lower tgg values in contrast to ENMs with lower effective density value
aggregates (carbon based ENMs). Consequently, SWCNH-ox, and N110 had tgq values
higher than 200h whereas ENMs like TiO,, CeO, and nAg had tgg values less than 50h
indicating high dose deposition, as illustrated by the deposition fraction curves in Figure 4.
Note that ~5-30% of the administered dose was delivered to cells at 6h, with greater
differences in the delivered dose observed at 24 h (~15% for SWCNH-ox and N100 to
~95% for TiO, P25).

For this study, currently available mathematical models for calculating deposited dose were
utilized, that do not account for dynamic changes to agglomerate characteristics over time
that can occur in various physiological media. As shown in Table 2, slight changes to
agglomerate diameter may occur over the course of an in vitro exposure, and these slight
shifts may impact the delivered to cell dose over time. Currently our group is working to
develop more sophisticated models that account for dynamic changes to particle size and
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density over time that will more accurately reflect these changes and their impact on
dosimetry. Moreover, agglomerate stability over time is greatly affected by dispersion
protocol, re-emphasizing the importance of standardized and optimized protocol to ensure
agglomerate properties remain as stable as possible throughout the duration of an in-vitro
assay.

Confirmation of dispersion measurements by TRPS

The size distributions of dispersions measured by TRPS are summarized in Table 4. The
typical size distributions as measured by DLS and TRPS are illustrated for SWCHN-ox in
Figure 5. The TRPS distribution was typically bimodal, with a secondary peak of a
subpopulation of larger agglomerates, consistent with TEM image analysis. The DLS gave a
single much broader peak. This skewing in the distribution is expected for DLS and is a
result of higher intensity light scattering by the larger agglomerates. For the purpose of this
study, we decided to use only DLS size distribution data. It has to be acknowledged that
both DLS and TRPS measure size and size distributions through different principals and that
comparison of measurements from these two techniques should be interpreted with caution.

Cellular toxicity

Two endpoints of cellular toxicity, namely mitochondrial activity via the MTT assay and
IL-8 cytokine release (a pro-inflammatory marker), were assessed in THP-1 cells for all
ENM dispersions in RPMI+10% FBS at 24h exposure at doses ranging from 1pg/mL to
50ug/mL ENM. We emphasize that the main purpose of cytotoxic evaluations here was to
investigate the effect of ENM dose deposition kinetics on these representative cellular
responses and assess the magnitude of impact dosimetry has in the relative comparison of
these materials. In-depth analysis of a comprehensive set of cytotoxicity endpoints (such as
MRNA expression of several genes, intracellular oxidative stress, and multiple cytokine/
chemokine production) at different time points will be subject of subsequent manuscripts.
Figure 6 (black symbols and fitted lines) shows the cell viability results for all ENMs
dispersed in RPMI+10% FBS for 24h incubation as a function of administered (black) and
delivered (red) dose. Cell viability decreased linearly with the administered mass dose but at
different slopes. SWCHN-o0x, Ni-Inco, MnOx PALAS and nAg showed higher cellular
death rates per unit mass, causing ~ 55-60% cell death at the highest dose of 50ug/mL.
TiO,-P25 and CeO,, did not induce significant cell death, whereas N110 and Printex-90
induced 30% cell death at 50ug/mL. For carbon based materials, notable differences were
observed in the slopes of delivered doses compared to the administered doses. SWCNH-0x
and N110 were seen to have a deposited dose approximately 20% of the administered dose
(~5x steeper slope for delivered dose), whereas for Printex-90 it was 34% (slope ratios of
~3x). For metal and metal oxide ENMs, the deposited fractions were much higher than for
carbonaceous ENM, ranging from 44.6% for Ni-Inco to 98.4% for TiO,-P25, resulting in
smaller differences between the administered and delivered dose slopes.

These differences, under normal circumstances, without dosimetry corrections, would go
unnoticed and can affect the final toxicity analysis and relative ranking order. The Inhibitory
concentration (IC25) values, i.e. mass dose at which 75% cells will be live, were derived
from the fitted linear regression lines on the dose-response curves. Table 5 summarizes the
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slopes for cell viability plots as well as 1C25 values for all ENMs based on administered and
deposited doses. ENMs like SWCNH-ox with low deposited dose rates and low cell viability
had a very steep negative slope and consequentially much smaller 1C25 values (0.58 pg), as
compared to ENMs like TiO, P25 and CeO», with high deposition rates and higher cell
viability and 1C25 greater than 10ug.

Figure 7 shows IL-8 cytokine release as a function of administered and deposited dose for
all ENMs dispersed in RPMI+10% FBS at 24 h. The IL-8 cytokine release values for all
ENMs at most of the tested concentrations were significantly higher (t-test, p < 0.05) than
that of PBS control except for lower doses of N110, TiO, and Printex-90. The slopes of IL-8
release as a function of administered or deposited mass doses varied drastically. Carbon
based ENMs had highest slope changes followed by MnOx PALAS and Ni-Inco. With
minor exceptions, the relationship of IL-8 production with ENM dose follows a sigmoidal
curve; at the highest administered dose of 50ug ENM/mL, the IL-8 production is much
higher than the predicted trend from the first three ENM doses. For Printex-90 and nAg, the
IL-8 concentrations at the highest 50 ug/mL dose were above the upper detection limit of the
instrument. As reported in the literature, it is possible that the high production rate and much
higher variability in IL-8 concentrations may be a result of competing factors: either
interaction of ENM with IL-8 and/or due to high ENM cell toxicity. PBS (3.72 £ 0.34 ng/ml
IL-8 release) was used as a negative control and LPS (16.0 = 0.5 ng/mL IL-8 release) as a
positive control. The lower limit of detection for IL-8 was 2 pg/mL, whereas the upper limit
of quantitation 50 ng/mL. All fitted sigmoidal curves had a RZ of 0.95 or better. The slopes
of the steepest region of the fitted sigmoidal curves were determined by the Origin software
and are used for further analysis as summarized in Table 5.

Figure S5 shows Bright-field images of THP-1 cells after dosing with ENMs dispersed in
RPMI+10% FBS with 50ug/ml mass concentration for 24h. The control image (without
ENM dosing) shows THP-1 cells without any morphological changes. For s dosed with
ENMs, cellular uptake can be seen for all nanomaterials. ENMs either in the cells or on the
cell surface were observed as dark spots in the microscopic images. Larger particle
agglomerates engulfed/attached to the cells were seen for carbon based ENMs compared to
nAg, Ni-Inco and MnOx-PALAS NMs. High ENM deposition was also observed for TiO,
and CeOs».

vivo comparison

Figure 8 plots PMN (cells/pg ENM) against cell viability slopes (% dead cell/ug ENM) for
both administered and delivered cell doses. Note that correction for delivered dose to cells
has a notable impact on the strength of association between in vivo inflammation and in vitro
cell viability (or death) as the RZ increased from 0.64 to 0.97. Although the dataset is limited
to five ENM, it still shows convincingly the utility of the approach presented here and the
benefit of estimating delivered dose to cells. A larger dataset, which includes the remaining
three materials, should be used for more robust validation of in vitro data to in vivo results,
and is subject of a subsequent manuscript. It is important to note here that the PMA induced
THP-1 cell line used in this study is a reasonably good in vitro system for predicting in vivo
lung inflammation and is consistent with the qualitative comparison in Khatri et al., (2013)
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and Pirela et al., (2013) whereby PMA induced THP-1 cells matched better in vivo
inflammation in humans and rodents than human primary nasal and small airway epithelial
cell lines.

DISCUSSION

ENM dispersion for in vitro nanotoxicology

The National Academy of Sciences report on ‘Toxicity Testing in the 21st Century: A
Vision and a Strategy”, advocates in favor of high-throughput approaches that utilize
mechanistic, and pathway-based toxicity testing in human cells or cell lines with validation
in whole organisms (Krewski et al., 2010). These in vitro high throughput screening
approaches for engineered nanomaterials are currently being developed in leading research
centers (Nel et al., 2013b, Nel et al., 2013a, Thomas et al., 2011, Jan et al., 2008). Of all
steps involved in these in vitro testing, dispersion and cellular dosimetry at realistic/
reasonable doses of nanomaterials are critical for effective in-vitro testing, and if not done
accurately can lead to conflicting and even invalid results (Powers et al., 2006).
Development of an integrated dosimetry platform which includes standardized,
reproducible, and generalizable dispersion protocols across ENMs with diverse
physicochemical properties, followed by determination of effective doses delivered to cells,
are critical requirements for meaningful cross comparisons and relative toxicity assessment
of nanomaterials and for in-vivo validation studies (Cohen et al., 2013, Ahmad Khanbeigi et
al., 2012, Cohen et al., 2014b).

In this study we utilized the integrated HDDP methodology recently developed at the
Harvard Center for Nanotechnology and Nanotoxicology, which includes the sequence of
suspension preparation steps, effective density measurements of ENM agglomerates in cell
culture media, and numerical estimation of delivered dose to cells (Cohen et al., 2014b). We
investigated the generalizability of this in vitro dosimetry platform for a variety of low
aspect ratio ENMs including C-based, metals, metal oxides, and metal alloys. The more
challenging C-based ENM and metal alloys have been tested for the first time using this
integrated dosimetry approach and their RID dosimetry functions were derived. The impact
of dose differences (administered vs. delivered) on cellular toxicity outcomes and rank order
of this set of ENM was assessed in THP-1 cells using the slopes of dose-response for two
endpoints, cell viability and inflammatory cytokine IL-8 production. Furthermore, the in
vitro cellular responses were compared favorably to in vivo PMN data for a subset of five
ENM.

Cellular Dosimetry: Delivered vs. administered dose

Recent studies have shown that ENM dispersion status has a profound effects on the
effective dose that cells receives, owing to difference in particle—particle and particle to
physiologic fluid interactions in the liquid test suspension. Dose for nanoparticles in an in
vitro system is more dynamic, more complicated, and less comparable across particle types
than it is for soluble chemicals. Particles settle, diffuse and agglomerate at rates that differ in
relation to their size, effective density, and surface physiochemistry (Hinderliter et al., 2010,
Teeguarden et al., 2007).

Nanotoxicology. Author manuscript; available in PMC 2016 March 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pal et al.

Page 13

Real-time techniques to directly assess effective dose delivered to cells from suspensions are
limited and material specific, and unlikely to be suitable for high throughput screening
assays. Notable in this regard is neutron activation of select industry relevant metal/metal
oxides of different sizes and shapes followed by gamma spectroscopy monitoring, which
was used to validate the aforementioned dosimetric platform. Recent publications show that
the dosimetric approach used here is reasonably accurate (Cohen et al., 20144, DeLoid et al.,
2014, Cohen et al., 2014b). The dosimetry platform employed in this manuscript has been
validated for a number of materials at various time points (Cohen et al., 2014a). The authors
are also working to develop more sophisticated multidimensional mathematical models for
calculating particle transport in vitro, also accounting for dynamic changes to agglomerate
properties over time that can influence particle delivery to cells (dissolution, slight shifts in
agglomerate diameter and density distributions, etc.) using a variety of metal oxides of
different sizes and shapes (Cohen et al., 2014a).

The deposited dose rate is ENM and media dependent (Figure 4). For carbon based ENMs,
the deposited doses varied from 20% to 50% of the administered doses at 24h, whereas for
the metal/metal oxides with larger effective densities of their formed agglomerates, the
deposited doses were much closer to the administered doses for the 24 hour time point.
Discrepancies between the administered and delivered doses were more striking during the
first few hours. The delivered dose of all ENM was <30% during the first 6 h. This can be
explained on the basis of effective density of agglomerates in solution. As indicated in Table
3, it takes nearly 3—4 times more time to deposit 90% of the administered doses for carbon
based ENMs, in comparison to metal/metal oxide nanoparticles. These observations
highlight the importance of estimation of deposited dose for all ENMs for cellular toxicity
evaluations. From the C-based ENM s included in this study, N110 and Printex-90 are often
used as in vitro comparative materials due to their prevalence in the atmospheric
environment. The implications of our findings related to delivered doses for these C-based
materials are that a large body of in vitro data containing these and other similar materials
may need to be reanalyzed to take into consideration dosimetry.

It has to be stated, that the DLS reported Z-Average Hydrodynamic diameter d (, 7-ave), 1S @
light scattering intensity-weighted average. However, particle fate and transport should
ideally be calculated based on a volume-weighted average since density is also based on a
hydrodynamic agglomerate volume. To investigate this further we back calculated the
volume weighted size distributions for all materials, assuming spherical agglomerates, and
compared the volume-weighted averages with the intensity-weighted averages (data not
shown). We observed close agreement between the two values for all materials except for
Printex-90 particles, which exhibited an intensity weighted diameter 30% larger than its
volume weighted average diameter. Using the volume weighted average diameter as an
input to the fate and transport model, the estimated deposited dose was within 2% of that
calculated based on the intensity weighted average diameter, suggesting for this material the
DLS reported hydrodynamic diameter is appropriate for dosimetry calculations.
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Implications of dosimetry on hazard ranking in-vitro

One important inquiry in any toxicological evaluation is elucidating the strength of
association in the dose-response relationship. In vitro, this relationship should be adjusted to
take into account the effective dose to cells and this should be done for all materials
involved in the study including the positive and negative control ENMs. Because all in vitro
nanotoxicology is to some extent comparative in nature due to the use of controls and
reference materials, one issue of particular interest is the extent to which the strength of
association and rank order of toxicity of such materials changes when dose-response data are
corrected for the delivered dose. Furthermore, accurate delivered to cell dose estimates are
important in order to match in-vivo or tissue doses with in-vitro ones for validation purposes.
We investigate this question with two common endpoints in this study: cell viability and
production of IL-8, a pro-inflammatory cytokine in THP-1 cells.

As illustrated in Figure 6 and summarized in Table 5, the slope of dose-response changed
considerably when the delivered doses to cells are taken into consideration for some ENMs
but not for others. This is expected primarily because some ENMs settle faster than others,
as indicated above. The slope of a dose-response relationship has been proposed as a better
measure of association for comparative purposes (Rushton et al., 2010). The ratios of slopes
based on delivered and administered doses varied from 1.02 for TiO, P25 (i.e. essentially
the same relationship) to 5.55 for SWCNH-ox (i.e. 555% difference). 1C25, the mass dose at
which 75% of cells were alive, were determined from individual slopes of regression lines.
IC50 could not be reached experimentally for ENMs over the reasonable dose range of 1-50
ug/mL. At higher doses, we have noted significant interactions between ENM and measured
endpoints, including cytokine analysis, and other dyes. Based on the slope values of cell
viability in THP-1 cells as a function of delivered dose, the ascending rank order (from low
to high) of this set of ENM is: TiO, P25 < CeO, < nAg < MnOx PALAS < Ni-Inco <
Printex-90 < N110 < SWCNH-ox. SWCHN-ox had the maximum negative slope followed
by N110 and Printex-90 in the carbon based series. In Metal/Metal oxide series Ni-Inco had
maximum negative slope followed by MnOx PALAS and nAg. TiO, P25 and CeO, were
the least cytotoxic ENM. The slopes for Carbon based ENMs for deposited masses were
significantly different than for administered masses. The same ascending rank order based
on the administered dose would be much different: TiO, P25 <CeO, < nAg < N110 <
MnOx PALAS < Printex-90 < SWCNH-ox < Ni-Inco. Direct comparison of cell viability
slopes with in vivo lung inflammation (Figure 8) for five ENM (TiO, P25, CeO,, nAg, and
Printex-90) matches much better ranking based on the delivered dose than the administered
dose. Implications of such toxicological analysis in terms of relative ranking are clear.

Comparisons based on other molecular endpoints, such as IL-8 production, are less
straightforward to analyze and interpret. Again, for comparison purposes we determined the
slope of IL-8 production as a function of administered and delivered doses. Slopes of dose-
response would be better suited for subsequent quantitative analysis and comparison
between ENM (Table 5). Inflammogenic potential of this set of ENMs, as measured by/
reflected in 1L-8 production, varied considerably between each ENM. The ascending rank
order based on the delivered dose was considerably different as observed from that of
administered dose: TiO, P25 < CeO, < Ni-Inco < MnOx PALAS < nAg < Printex-90 <

Nanotoxicology. Author manuscript; available in PMC 2016 March 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pal et al.

Page 15

N110 < SWCNH-ox. The analysis here focused only on the 24 h time point. Similar
calculations done for the 6h time point, paint a similar qualitative picture on dose-response
relationships, except that discrepancies in the delivered doses between materials are smaller,
as one would expect from deposition data in Figure 4. It has to be acknowledged, that the
ranking shown here for PMA matured THP-cells might differ for other cell lines, as final
cellular toxicity can be influenced by the different uptake mechanisms and interaction of
nanomaterial with cells used in the study. Moreover, the cellular toxicity pathways can vary
among cell types (epithelial, mesenchymal etc.) to account for different hazard ranking of
ENMSs. The methodology presented here though is applicable to other cell types.

In this investigation we used a fixed range of administered doses, 1-50ug/mL. It is
important to know how in vitro doses-both administered and delivered-compare to the real-
world doses. This issue can and should be addressed quantitatively using for example the
approach adopted by the authors in two recent studies (Khatri et al., 2013, Demokritou et al.,
2013). Authors used the Multiple Path Particle Deposition (MPPD2) model (Anjilvel and
Asgharian, 1995) to derive the lung deposited surface dose [ug/m?] of nanoparticles using
realistic aerosol size distributions and converted these deposited doses to equivalent in vitro
mass doses. Sensitivity analysis can be further employed to adjust dose ranges accordingly
by varying exposure and physiological parameters employed in these models. The range of
doses employed here is reasonable for the intended purposes. However, it is also possible
that reverse calculations may be employed in future studies to match tested ENM not on
their administered, but rather on their delivered doses.

Conclusions

The methodology tested and presented here is suitable for other low aspect ratio ENM, for
which the recently developed at Harvard HDDP dosimetry approach is reasonably accurate.
Well-dispersed, stable and reproducible suspensions were obtained for all ENMs. The Z-
average hydrodynamic diameter (d (n, z-ave), 180-300 nm) and polydispersity index Pdl (0.2-
0.4) were fairly stable over 24 h, with minor exceptions. Surface charge in water varied
considerably between ENMs. These differences disappeared as protein-coated ENM
acquired the surface charge of the dispersion medium. Delivered doses were found to be
ENM dependent. Over five-fold differences were found in the deposited to cell dose fraction
constants for this set of ENMSs. For the specific endpoints assessed in this study, the slope of
dose-response relationship for cell viability and IL-8 production changed considerably for
some ENMs but not for all of them, when delivered dose was taken into consideration. This
slope change was more pronounced for ENMs with slower settling rates based on effective
density and size of formed agglomerates in-vitro. The ratio of slopes for the delivered and
administered doses varied between 1.02 and 5.58. The rank order of these ENMs also shifted
notably indicating the importance of including dosimetry in in-vitro screening studies. High
aspect ratio ENM continue to remain a challenge and further technological and modeling
development are needed for adequate dosimetry and in vitro dose-response analysis. In the
interim, off-line characterization techniques are needed for dispersion characterization,
concentration analysis, and determination of the delivered dose to cells for high aspect ratio
ENM such as carbon nanotubes, nanofibers, and nanorods.
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Figure 1.
Schematic illustration of the standardized dispersion protocol for diverse classes of ENMs.

Note that in this work two minor modifications were made in the Cohen et al. (2013)
protocol: (i) in step 3, FBS (10%) was premixed with the cell culture medium (in this case
RPMI) prior to addition of ENM dispersion in water from step 2 instead of only FBS; and
(ii) vortexing for 30 sec in step 4 was substituted with a mixing step at 800 rpm for 2 h. As
described in the supplemental material, stable dispersions could be achieved only at 10%
FBS. In addition, mixing for longer than 2 h did not result in significant gains in dispersion
stability.
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Figure 2.
Relationship between the hydrodynamic diameters (d (n, z-ave) ) as a function of delivered

sonication energy (DSE) used in determining the critical DSE (DSE,) for various ENMs.
Two distinct patterns were revealed: A) the familiar asymptotic curve as illustrated by
SWCNHs-ox and nAg; B) U-shaped, illustrated for Ni Inco and MnOx-PALAS.
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Figure 3.

DLS size distribution and TEM images of ENMs following dispersion protocol in RPMI
+10% FBS. All ENMs were diluted in DI water at 50ug/mL concentration from the initial
0.5mg/mL stock suspension in RPMI+10% FBS. Reproduced in parts with permission from
Pal et al. ACS Nano, 2014, 8 (9), pp 9003-9015.
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VCM-1SDD model based calculations for NM delivered dose for different ENM
formulations in RPMI+10% FBS medium. Reproduced in parts with permission from Pal et
al. ACSNano, 2014, 8 (9), pp 9003-9015.
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DLS and TRPS size distributions for SWCNH-ox and (b) particle concentration
(particles/ml) as determined by TRPS.
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Figure 6.

MTT cell viability assay toxicity results as a function of administered and deposited dose for
all ENMs dispersed in RPMI+10% FBS at 24h. Fitted lines for most ENM had an R? of 0.9
or better; for N110 (R? =0.8), and CeO, and TiO2 (R2 ~0.65). The delivered dose estimates
were derived from the VCM-ISDD model calculations with effective density measurements
(Hinderliter et al 2010; Cohen et al 2014) reported in table 3. Reproduced in parts with
permission from Pal et al. ACS Nano, 2014, 8 (9), pp 9003-9015.
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Figure 7.
Dose-response relationship for pro-inflammatory cytokine 1L-8 as function of administered

and deposited dose over the 1-50pg/mL range. The R? of fitted lines was >0.95 for all
curves. Slopes used in Table 5 were determined from the Origin software. For Printex-90
and nAg, the 1L-8 concentrations at the highest 50 ug/mL dose were above the upper
detection limit of the instrument. As reported in the literature, it is possible that the high
production rate and much higher variability in IL-8 concentrations may be a result of
competing factors: either interaction of ENM with IL-8 and/or due to high ENM cell
toxicity. The delivered dose estimates were derived from the VCM-1SDD model
calculations with effective density measurements (Hinderliter et al 2010; Cohen et al 2014)
reported in table 3.
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Figure 8.
Comparison of in vitro cell death slopes to in vivo lung inflammation (PMN/ug) for five test

materials. Much stronger association with PMN is observed for deposited dose slopes
(R2=0.97) as compared to administered dose (R?=0.64), highlighting the importance of
considering delivered dose to cells in in vitro nanotoxicology.
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