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T
he applications ofmanufactured nano-
particles (NPs) inmodern industrial and
consumer products and processes are

rapidly expanding1,2 along with increased
concern regarding the potential environmen-
tal health and safety (EHS) impact from NP
exposures.3�6 Various studies have identified
that certainNPs can lead to adversebiological
impacts,7�12 e.g., the possibility of oxygen
radical production and oxidative stress that
culminates in acute pulmonary inflammation
by metal oxide NPs such as CoO, Co3O4,
Ni2O3, Cr2O3, CuO, and ZnO.13 Efforts are
now mounting to ensure the development
and application of safe-by-design engineered
nanomaterials so as to avoid adverse envi-
ronmental and human health impacts.6,14�16

In this regard, in vitro toxicity screening
is critical for characterizing the potential
hazards of NPs and elucidating their toxicity

mechanisms.6,14,17�20 This includes use of
high-throughput screening (HTS) approaches
that enable rapid and cost-effective toxicity
testing, hazard ranking, and predictionmak-
ing of adverse health effects in vivo.13,21�24

In a typical in vitro screening platform for
NP hazard assessment,13,20,21 cells are pla-
ted at the bottom of tissue culture wells
while NP suspensions are introduced at
various particle concentrations, which are
equivalent to what we regard as adminis-
tered dose. Traditionally the administered
dose, expressed as NP mass, number, or
surface area per unit volume, is considered
as the in vitrodose.6,25 However, a number of
studies have argued that cells at the bottom
of a tissue culture well will be primarily im-
pacted by NPs that have settled to the bot-
tomof the plate.26�32 Accordingly, there is an
ongoing debate in the nanosafety community
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ABSTRACT It has been argued that in vitro toxicity testing of engineered nanoparticles

(NPs) should consider delivered dose (i.e., NP mass settled per suspension volume) rather

than relying exclusively on administered dose (initial NP mass concentration). Delivered dose

calculations require quantification of NP sedimentation in tissue cell culture media, taking

into consideration fundamental suspension properties. In this article, we calculate delivered

dose using a first-principles “particles in a box” sedimentation model, which accounts for the

particle size distribution, fractal dimension, and permeability of agglomerated NPs. The

sedimentation model was evaluated against external and our own experimental sedimenta-

tion data for metal oxide NPs. We then utilized the model to construct delivered dose�
response analysis for a library of metal oxide NPs (previously used for hazard ranking and prediction making) in different cell culture media. Hierarchical

hazard ranking of the seven (out of 24) toxic metal oxide NPs in our library, using EC50 calculated on the basis of delivered dose, did not measurably differ

from our ranking based on administered dose. In contrast, simplified sedimentation calculations based on the assumption of impermeable NP agglomerates

of a single average size significantly underestimated the settled NPs' mass, resulting in misinterpretation of toxicity ranking. It is acknowledged that in vitro

dose�response outcomes are likely to be shaped by complex toxicodynamics, which include NP/cellular association, triggering of dynamic cell response

pathways involved in NP uptake, and multiple physicochemical parameters that influence NP sedimentation and internalization.
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regarding whether toxicity induced by NPs should be
ascribed to delivered (i.e., NP mass settled per the
suspension volume) or administered (initial NP mass
concentration) dose.33�36 The outcome of this debate
is relevant to the establishment of hazard ranking,
which is often used for planning more expensive and
time-consuming in vivo studies, in which the use of
animals is often restricted.13,31,32,37

Methods to quantify NP sedimentation have been
proposed on the basis of determining the concentra-
tion of NPs remaining in suspension after a given
sedimentation period.38 However, it is a formidable
task to experimentally quantify the degree of sedimen-
tation for an expanded range of NPs, whichmay require
assays to be conducted in different cell types, different
culture media, tissue culture plates with different di-
mensions, and different exposure times to generate
comprehensive hazard profiles. Suitable models are
therefore required to account for gravitational settling,
particle diffusion, and the fractal nature of NPs.30,39,40

Recently, predictions for NP sedimentation were inves-
tigated using the in vitro sedimentation, diffusion, and
dosimetry (ISDD) model36 that incorporated NP effec-
tive density measured by a volumetric centrifugation
method (VCM).34,35 These models have taken the sim-
plified approach of using a single particle size (e.g.,
average size), rather than accounting for the complete
particle size distribution (PSD), to estimate the delivered
dose, while also assuming nondraining NPs (i.e., im-
permeable to solvent flow through the fractal NP
agglomerate).34�36 The above simplifications may have
contributed, in part, to the reported deviation of ISDD
model predictions of settled NPmass (e.g., for silica, iron
oxide, and polystyrene) from experimental data by “... as
much as three-fold, but in most cases approximately
two-fold ...”.36 It is known that, when suspended in

cell culture media, NPs form agglomerates of various
sizes, shapes, and fractal structures with significant
porosity.30,39�43 Such particle agglomerates can be
partially draining, resulting in higher sedimentation
velocity than impermeable aggregates of the same
equivalent geometric or hydrodynamic size.41�43 More-
over, it is noted that in the interpretation of dose�
response profiles consideration of the PSD is important
for NP toxicity predictions, as has been shown in
previous studies of metal oxide NP toxicity.37,44

In order to account for the effect of agglomerate PSD
and permeability on NP sedimentation and calculation
of in vitro delivered dose, an improved sedimenta-
tion model was developed based on a “particles in a
box” simulation approach.45,46 This model considers
the motion of particles by Brownian diffusion47,48 and
modified Stokes settling.42 The model was validated
based on experimental sedimentation measure-
ments for NPs chosen from a group of 24 metal oxides,
previously evaluated for in vitro hazard ranking
and in vivo toxicity predictions.13 We used this model
to calculate the delivered dose and then compare
the obtained in vitro hazard ranking relative to the
ranking based on the administered dose, which is a
critical step for selecting materials for further animal
testing.

RESULTS AND DISCUSSION

Workflow for in Vitro NP Dosimetry Analyses. It has been
argued that ranking of NP hazard through cellular
screening should be established based on delivered
(i.e., NP mass settled per suspension volume) rather
than administered (initial NP mass concentration)
dose. Accordingly, in the present study we evaluated
the impact of sedimentation (i.e., NP settling) on
hazard ranking, according to the workflow in Figure 1.

Figure 1. Workflow for in vitro NP dosimetry analysis.
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The analysis was carried out for seven metal oxide NPs
(Table 1; Figure S3 in the SI), which we previously
identified among a group of 24 metal oxide NPs, to
be the materials that exhibit hazard potential based on
redox chemistry and ability to generate oxidative
stress.13 A sedimentation model was developed to
quantify the delivered dose, considering both the
complete particle size distribution and the permeability
of NP agglomerates. We will refer to this as the SP2N
model. The SP2N model was validated by (i) previously
reported experimental sedimentation data of CeO2 NPs
in deionized water,49 and (ii) new experimental data for
the sedimentation of selected metal oxide NPs in two
commonly used cell culture media, bronchial epithelial
growth medium (BEGM) and Dulbecco's modified
media (DMEM). SP2N predictions were also compared
with simplified sedimentation calculations, based on
the assumption of the formation of impermeable NP
agglomerates and an average agglomerate size. Sub-
sequently, the validated SP2N model was applied to
calculate the delivered NP doses for the seven metal
oxide NPs (ZnO, Co3O4, CuO, CoO, Mn2O3, Cr2O3, and
Ni2O3), referred to above. We have previously reported
that theseNPs exert dose-dependent pro-oxidative and
pro-inflammatory effects in BEAS-2B and RAW264.7
cell lines, cultured in BEGM and DMEM, respectively.13

The dose�response analyses for delivered and admi-
nistered dose were subsequently used to assess the
implications for in vitro hazard ranking, with a view to
determining the necessity for further experimentation
in animals and regulatory decision making.

Model Prediction and Experimental Measurements of NP
Sedimentation. Sedimentation of NPs, for the purpose
of calculating the delivered dose, was quantified via

the SP2N model (Materials and Methods section). This
model is premised on “particles in a box” simulation
approach,45,46 which tracks particle motion, as a result
of gravitational settling42 and Brownian motion.47,48

Model predictions were compared with previously

reported experimental NP sedimentation data in de
ionized water and our own new results (based on ICP-
OES measurements; Materials and Methods section)
for selected NPs in BEGM and DMEM cell culture
media. In addition, the relative trend of sedimentation
behavior of the different NPs was also evaluated using a
UV�vismeasurement approach (Materials andMethods
section).

SP2Nmodel inputparameters (Materials andMethods
section) include basic NP properties (i.e., material density,
NP primary size, and agglomerate size distribution),
geometrical parameters of NP agglomerates (fractal di-
mension and number of principle NP clusters), suspen-
sion properties (medium density and viscosity, NP
concentration, and temperature), and medium depth.
Model simulations yielded the time evolution of the
settled fraction (in suspension) of the initial NP mass.
The SP2N model was validated using experimental
data for CeO2 NPs (primary size of 20 nm; Table S1
andFigure S1 in the SI)49 indeionizedwater (neutral pH).
SP2N model predictions, which account for complete
PSD and agglomerate permeability, were obtained for
the mass fraction of settled CeO2 NPs (relative to the
initial mass in suspension) over a 12�48 h period
(Figure 2). These calculations used a fractal dimension36

of 2.45,with fourNPs per primary cluster43 (Figure S2, SI).
The data were in good agreement with the sedimenta-
tion measurements,49 with a percent relative devia-
tion (i.e., 100 � (measured � predicted)/measured)
averaging ∼9.7% (range of 2.7�25.5%). In contrast to
the SP2N model predictions for CeO2 NPs, predictions
from a simplified model that uses the average size of
permeable agglomerates were consistently lower than
the sedimentation measurements49 by a factor of up to
2.3 (Figure 2). Moreover, the predicted fraction of settled

TABLE 1. Summaryof Physicochemical Properties of theNPs

effective density

property

primary sizea

(nm)

DLS sizeb

(nm)

material density

(g/mL)

BEGM

(g/mL)

DMEMc

(g/mL)

ZnO 22.6 149.20 5.60 1.35 1.25
Co3O4 10.0 181.41 6.11 1.34 1.37
CuO 12.8 202.29 6.31 1.48 1.50
CoO 71.8 142.99 6.44 2.54 2.39
Mn2O3 51.5 251.59 5.00 1.70 1.76
Cr2O3 193.0 464.39 5.22 2.19 2.34
Ni2O3 140.6 305.68 4.84 2.26 3.18

a TEM images of the NPs are provided in a previous study.13 b DLS size was
measured at an NP concentration of 100 mg/L. c The medium viscosities of DMEM69

and BEGM70 are 9.4 � 10�4 and 9.5 � 10�4 kg/m/s, respectively, while both
have a medium density of 0.984 g/mL.

Figure 2. Comparison of reported experimental results49

andmodel predictions for sedimentation of a 10mg/L CeO2

NP (20 nm) suspension in deionized water (neutral pH)
based on complete particle size distribution (PSD) of (a)
permeable (PMA), as in the SP2Nmodel, or (b) impermeable
(IMA) agglomerates, in addition to simplified calculations
using average size (AVG) for (c) permeable and (d) imperme-
able agglomerates.
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NP mass, when considering the agglomerates as im-
permeable, was 3.6-fold lower than the experimental
values (Figure 2). The above underprediction of the
settled fraction of NPs' mass is consistent with the
reported level of underestimation of the ISDD model,
which makes use of similar assumptions (i.e., imperme-
able agglomerates of a single average size).36 It is noted
that the particle sedimentation velocity varies nonli-
nearly with particle diameter (Materials and Methods
section). Thus, neglecting to account for the complete
PSD and the large particles, which are likely to be found
in the tail end of the distribution, could lead to a
significant underestimation of the calculated fraction
of settled NP mass. In addition, NP sedimentation will
be further underestimated by regarding the agglomer-
ates as impermeable, even when accounting for com-
plete PSD (Figure 2). It is noted that previous studies
have shown that permeable particles (of fractal
structure) will settle faster than impermeable particles;
thus, the assumption of impermeable agglomerates
would also lead to underestimating the degree of
particle settling.41�43

Validation of the sedimentation model under real
tissue culture conditions was also conducted by using
24 h ICP-OES sedimentation data for CoO NPs in BEGM
and DMEM culture media (Materials and Methods
section), with a liquid depth of 22 mm in 1.5 mL
cuvettes (Table 1 and Figure S3). SP2N model calcula-
tions were carried out for the fraction of settled CoO
NP mass using the measured effective densities and
complete PSD (Figure S3, SI), while also accounting
for agglomerate permeability. Predictions of the frac-
tion of settled NP mass (Figure 3) agreed well with
the ICP-OES measurements with a relative deviation of
5.1�11.5% below the measurements. It is noted that

the calculated fraction of settled NPmass based on the
simplified model (i.e., assuming impermeable agglom-
erates of a single average size) was lower than the
experimental ICP-OES results by a factor of 1.8�2.0 and
4.2�12.4, respectively (Figure 3). Additional ICP-OES
sedimentation measurements (Materials and Methods
section) for 100 mg/L suspensions of Ni2O3, Cr2O3, and
Mn2O3 NPs in DMEM, using the same 1.5 mL cuvettes
(22 mm liquid depth), also demonstrated a significant
fraction of settled mass (>0.96) over the typical
24 h toxicity screening interval (Figure S4, SI). SP2N
model predictions also closely matched these ICP-OES
measurements with a relative deviation up to 7.3%
(Figure S4, SI). It is noted that for NPs that exhibit
measurable solubility a decrease in particle size is
expected, thus resulting in lesser NP settling relative
to insoluble particles of the same PSD and initial mass
concentration. Indeed, as shown for the sedimenta-
tion of ZnO (Figure S4, SI), which has been reported to
have measurable aqueous solubility,13 the measured
fraction of settled NP mass (0.12) was below model
predictions (0.17).

Finally, we note that the more approximate experi-
mental analysis via UV�vis measurements (Materials
and Methods section) for an extended set of 24 metal
oxide NPs (Figure S5, SI) was also consistent with
the general trend of relatively high NP sedimentation
fraction. However, UV�vis measurements are affected
by the agglomerate size distribution, as well as NP
dissolution; thus, such measurements should be re-
garded as indicative of trends rather than providing
precise quantitative measures of the concentration of
NPs in suspension.50

Toxicity Ranking of Metal Oxide NPs per Administered
and Delivered Doses. In order to evaluate the impact of
metal oxide NP sedimentation on hazard ranking, the
validated sedimentation model was applied to the
seven metal oxides (Table 1; Figure S3 in the SI) that
showed hazard potential (Figure 4) during the study of
a group of 24 NPs.13 Briefly, the hazard ranking was
carried out based on dose�response analysis, derived
from performance of ATP, LDH, and MTS viability
assays in BEAS-2B and RAW264.7 cell lines (Table 1).
The administered dose in these experiments ranged
from 0.4 to 100 mg/L (Figure S6, SI), and the liquid
tissue culture depth was 3.15 mm in each plate well.
Calculations of the delivered doses were carried out for
the seven metal oxide NPs to compare changes in
hazard ranking (Figures S6�S8, SI). The delivered dose
(Cd, defined as the NP mass settled per the medium
volume)35,36 was expressed as Cd = RCa, where R is the
model calculated fraction of settled NPs (Figure 5) and
Ca identifies administered NP dose.

Hazard ranking of the seven metal oxide NPs was
assessed on the basis of EC50 (Figure 6) and Hill slope
(Figure 7) of the dose�response curves37,51 that were
calculated from the commonly used log�logistic

Figure 3. Comparison of experimentally determined frac-
tion of settled CoO NPs (100 mg/L suspension in a 1.5 mL
cuvette, 22 mm liquid depth) with model predictions based
on completeparticle size distribution (PSD) of (a) permeable
(PMA), as in the SP2N model, or (b) impermeable (IMA)
agglomerates, in addition to simplified calculations using
average size (AVG) for (c) permeable and (d) impermeable
agglomerates.
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dose�response model37,51 (Materials and Methods
section). The comparative ranking, based on EC50
calculations, did not show a change in the toxicity
ranking by delivered vs administered dose (Figure 6),
except for the higher EC50 for ZnO relative to CuO in
RAW264.7 cells. We note, however, that the delivered
EC50 values (10.3 and 12.7 mg/L) for ZnO and CuO
differed by only 2.4 mg/L, which falls within the range
of experimental uncertainty (Figure 6). Therefore, one
should not assert that the above difference is indicative
of a change in hazard ranking for the ZnOandCuONPs.
It is also important to note that, with the exception of
ZnO data for both cell lines and the Co3O4 data for the

ATP assay in the BEAS-2B cell line, the actual EC50
values (Figure 6), based on the administered or SP2N
model calculations, remained essentially unchanged
for all other NPs. The above results are not surprising
given the nearly complete sedimentation (i.e.,R > 0.96)
of these NPs in the shallow plate wells (Figure 5) and
the close matching of administered and delivered doses.

In contrast with the above, analysis premised on the
assumption of impermeable agglomerates of average
size (i.e., as assumed by the ISDD model),35 the EC50
toxicity ranking of delivered dose was noticeably
altered (Figure 6). This change in ranking is a conse-
quence of the significant underestimation of the frac-
tion of settled mass for the ZnO, CuO, CO3O4, and CoO
NP (Figure 5) suspensions in both DMEM and BEGM.
For example, for the LDH assay, performed in BEAS-2B
cells, the EC50 of Co3O4 was less than that of CoO. This
toxicity ranking is consistent with previous analysis35

based on the ISDDmodel (i.e., which does not account
for the complete PSD and agglomerate permeability).
In contrast, toxicity ranking on the basis of either
administered dose or SP2N delivered dose calculations
demonstrated that EC50 for CoO was higher than for
Co3O4. Clearly, approximate NP sedimentation models
can lead to erroneous estimates of the fraction of
settled NP mass (Figure 5) and thus misinterpretation
of toxicity ranking on the basis of delivered dose
(Figure 6).

It could be argued that different toxicity ranking
criteria (e.g., EC50, dose�response Hill slope,37,51 or
benchmark dose) may not necessarily be consistent
with each other and that it is important to evaluate
more than a single criterion.50 For instance, when the
Hill slope of the dose�response curve (Figure 7) is used
to rank NP toxicity, we observe a left-shift of the
delivered dose�response curves (Figures S7 and S8,
SI) relative to the administered dose-response curves
(Figure S6, SI). Therefore, EC50 scales by an R-factor
when the dose�response curves are constructed
based on delivered vs administered dose. However,
the Hill slope,37,51 which is also an important toxicity
parameter (or potency),37,52 remained unchanged, irre-
spective of whether one utilizes the administered or
delivered dose (Figure 7).

It is tempting to argue that delivered dose should
be the dosimetry metric of choice given that ultimately
NPs will deposit onto cells at the bottom of a plate.
However, one must consider that particle/cellular in-
teractions are complex and dynamic processes that
involve cell/particle association,53,54 cellular uptake,55,56

subcellular translocation,57 and bioprocessing,58,59

which ultimately determines the toxicity outcomes.
Here it is pertinent to note, as illustrated in the MTS
assay (Figure S9), that the toxicological response does
not appear to increase progressively in the higher dose
range (200�500 mg/L), supporting the argument
that dose (delivered or administered) is not the only

Figure 5. Calculated fraction of settled NP mass (100 mg/L
suspension in BEGM or DMEM culture media) in the wells of
a 96-well plate (3.15 mm medium depth). The calculations
were performed according to the SP2N dosimetry model,
based on the complete particle size distribution (PSD) of
permeable agglomerates (PMA), and by a simplified analysis
using average size (AVG) and assuming an impermeable
agglomerate (IMA).

Figure 4. Toxicity heatmap of seven metal oxide NPs that
can impact cell viability at different administered dose
levels. The reduction of RAW 264.7 and BEAS-2B cell viabi-
litywasmeasured throughATP, LDH, andMTS assays,which
were further normalized as percent of control (POC ∈ [0, 1]).
Increased POC values indicate higher toxicity.
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governing factor. One should also recognize that cel-
lular toxicity is a dynamic process with its own kinetics,
as demonstrated by themultiparametric high-through-
put assay for oxidative stress performed on the same
materials.13 Thus, it should not be surprising to discover
that the toxicological readout in the cell viability assays
after 24 h represents a dynamic series of cellular
responses that evolve through different phases and
stages.13,37,60,61 We also note that in the case of soluble
metal oxide NPs (e.g., ZnO) their cellular toxicity has
been linked to the NP dissolution release and mobility
of themetal cation.13,37 Clearly, the issue of establishing
the most appropriate dosimetry is of importance and
would most likely need to be established on the basis
of the toxicity mechanisms that are engaged by
specific material compositions and variation of physi-
cochemical characteristics that can dynamically
change the outcome.62 Moreover, in vitro NP cellular

dose�responses should consider NP size distribution,
interaction of NPs with various species in the exposure
media (e.g., proteins53), and their influence on toxico-
kinetics.

CONCLUSIONS

It has been argued that delivered dose rather than
administered dose should be considered in in vitro

toxicity testing of engineered NPs. Accordingly, the
present study presents a comparative analysis of toxi-
city ranking on the basis of administered and delivered
dose�response for a library of 24 metal oxide NPs in
different cell culture media. Delivered dose calcula-
tions were conducted using a first-principles “particles
in a box” sedimentation model taking into considera-
tion fundamental suspension properties. The model,
which accounts for the particle size distribution, fractal
dimension, and permeability of agglomerated NPs,

Figure 6. Log(EC50 (mg/L)) for NPs obtained from dose�response analyses, using either administered or delivered dose.
Delivered dose was calculated by the SP2N dosimetry model based on the complete particle size distribution (PSD) of
permeable agglomerates (PMA) and by a simplified analysis using average size (AVG) and assuming impermeable
agglomerates (IMA). (Note that dose�response results for Cr2O3 in the MTS assay did not reach a 50% viability reduction
during the 24 h experimental exposure period.)

A
RTIC

LE



LIU ET AL . VOL. 9 ’ NO. 9 ’ 9303–9313 ’ 2015

www.acsnano.org

9309

was evaluated against external and our own experi-
mental sedimentation data for metal oxide NPs.
Detailed dose�response analysis revealed that hier-
archical hazard ranking of the seven toxic metal oxide
NPs in our data set, using EC50 calculated on the basis
of delivered dose, was similar to ranking based on
administered dose. This corrects the misinterpretation
in toxicity ranking through the use of simplified sedi-
mentation calculations that assume impermeable NP

agglomerates of a single average size, which results
in significant underestimation of the mass of settled
NPs. Notwithstanding the above results, it is important
to recognize that in vitro dose�response outcomes
could result from complex toxicodynamics, which in-
clude triggering of dynamic cell response pathways
involved in NP uptake, NP/cellular association, and
various physicochemical factors that impact NP sedi-
mentation and cellular response.

MATERIALS AND METHODS
Theworkflow for in vitroNP dosimetry analysis is summarized

in Figure 1. The simulation model for NP sedimentation was
developed based on the fundamental principle of Stokes
settling velocity, using either average NP size or size distribution
and also considering permeable or impermeable NP agglom-
erates. The developed model was evaluated against CoO NP
sedimentation measured in BEGM and DMEM culture media,
aswell as previously reported sedimentationdata for CeO2NPs in
deionizedwater.49 In addition, NP sedimentationmodel was also
validated through the use of complementary sedimentation
measurements for selected metal oxide NPs. Dose�response
analyses were then conducted to compare the hazard ranking
of seven potentially hazardous metal oxide NPs based on
administered dose as well as the calculated delivered dose.

Acquisition of NP Metal Oxide Toxicity Data. We utilized a com-
prehensive data set for 24 metal oxide NPs, previously obtained
by conducting MTS, ATP, and LDH assays with RAW 264.7 and
BEAS-2B cells.13 This library of NPs was commercially purchased
or synthesized in-house. BEAS-2B cells were cultured in BEGM
medium (Lonza, Walkersville, MD, USA), while RAW 264.7 cells
were cultured in DMEM medium (containing 10% fetal calf
serum, 100 U/mL penicillin, 100mg/L streptomycin, and 2mM L-
glutamine).13 Details of themedia compositions are provided in
Table 1. Briefly, cell cultures were cultured overnight by plating
10 000 cells in 100 μL of medium in each well of a 96-multiwell
black plate (Costar, Corning, NY, USA). The medium was re-
moved and cells were treated for 24 h in 100 μL of a series of
NP suspensions, each added to achieve final concentrations of
0.4, 0.8, 1.6, 3.2, 6.3, 12.5, 25, 50, and 100 mg/L. These are also
regarded as the administered doses. For the three assays,
triplicates of NPs and negative controls were used, while for
LDH a reference positive control was provided by the response
of cells treated by 0.01% Trition-100.13 The MTS data set also

included higher doses (up to 500 mg/L) to assess if that would
lead to further toxicity. All the screening results collected for the
MTS, ATP, and LDH assays were normalized and expressed as
percent of control (POC), over the range of 0 to 1.13,37

Particle Size Characterization and Density of NP Agglomerates. The
size distributions of the hazardous NPs (Table 1) were deter-
mined by dynamic light scattering (DLS) in BEGM and DMEM
culture media for particle suspensions of 100 mg/L. DLS mea-
surements were carried out at 298 K using a Brookhaven
ZetaPALS dynamic light scattering analyzer with a wavelength
of 657.0 nm and a detection angle of 90�. The sizes of the
17 nontoxic NPs were previously determined as reported
elsewhere.13

The NP agglomerate density was determined following a
previously established approach.35 Briefly, a 1 g/L stock solu-
tion of each material was prepared, which was further diluted
with cell culture media in a TPP packed cell volume tube
(Techno Plastic Products, Trasadingen, Switzerland) to prepare
a 100 mg/L NP suspension.38 A 1 mL amount of the suspension
was subsequently centrifuged at 4000g for 1 h to obtain a pellet
of the agglomerated NPs. The pellet volume, Vpellet, was mea-
sured in triplicate for each sample and used to calculate the
effective agglomerate density, i.e., FEV = (FmediaVmediaþ FNPVNP)/
(Vpellet � SF), where Fmedia and FNP are the densities for the cell
culture media and NPs, respectively, and Vmedia and VNP repre-
sent the volumes of the cell culturemedia andNPs, respectively.
The medium density was determined by weighing 50 mL of
freshly prepared culture medium in a disposable centrifuge
tube. The stacking factor (SF) was taken to be 0.634 (random
close packing) as reported in previous studies.63

Measurement of Settled NPs. Sedimentation measurements,
quantified in terms of the mass of settled NPs, were obtained
for ZnO, CuO, Mn2O3, CoO, Co3O4, Cr2O3, and Ni2O3 NPs by
determining themetal concentration in suspension initially and

Figure 7. Hill slope of the individual NPs based on the administered dose�response curves for the ATP, LDH, andMTS assays
for the BEASE-2B and RAW264.7 cells, which were exposed to the indicated metal oxide NPs at an administered dose range
of 0.4�100 mg/L.
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subsequently in the supernatant after a sedimentation period of
24 h. The procedure involved preparation of a stock suspension
of 5 mg/mL, which was used subsequently to prepare 1 mL of
a 100mg/L NP suspension. NPs from the 1mL of the suspension
(in a 1.5 mL cuvette) were allowed to settle for 24 h. Subse-
quently, 0.9 mL of the “supernatant” was withdrawn and acid
digested at 95 �C overnight in 10 mL of concentrated nitric acid
(HNO3, 65�70%, Trace Metal grade) in a HotBlock (SC100,
Environmental Express). The dried sample was extracted into
8 mL of 2% diluted nitric acid and heated to 80 �C for 3 h. After
cooling to room temperature, 2% nitric acid was added to the
sample to reach a total volume of 8mL. Themetal content in the
above samples was determined by ICP-OES analysis (ICPE-9000,
Shimadzu, Japan) in nine replicates. The initial metal concentra-
tion of the suspension was also determined by acid digestion
and ICP-OES using 0.2 mL of the suspension sample.

In addition to the sedimentation measurements, via ICP-OES
analysis, we also evaluated theNP suspension stability by using a
UV�vis spectrophotometer (SpectraMaxM5emicroplate reader,
Molecular Devices) equipped with a 1.5 mL quartz cuvette. The
particle absorbance at 500nm,withmaterial suspended in BEGM
or DMEM in a 1 mL cuvette, was monitored as a function of time
for 24 h. A linear calibration of the absorbance vs the NP con-
centration was obtained for each material to calculate suspen-
sion stability.

NP Sedimentation Model. In order to estimate the delivered
NP dose in vitro, a sedimentation model that considers both
particle size distribution and agglomerate permeability of NP
(SP2N) was developed based on the “particles in a box” simula-
tion approach.45,46 Particle motion in this model considers both
Brownian diffusion47,48 and gravitational settling.42 The SP2N
model was used to calculate the fraction of the initial NP mass
(in the suspension) that settles over a given time, t, to the
bottom of the well. Accordingly, the delivered dose can be
calculated according to eq 1:

f st ¼
∑
i∈S

mi

∑
i¼ 1

N

mi

(1)

where i = 1 ... N represents the initial agglomerates in the
simulation box with S denoting the set of the settled NP
agglomerates, and mi (kg) is the mass of NP agglomerate i
(i.e.,mi = Fe,iπdi3/6, in which Fe,i and di are the particle effective
density and diameter, respectively).

The modeling approach for NP sedimentation is based
on a simulation of particles in a box containing a number of
(typically 105) randomly distributed NPs. Basic model param-
eters include NP properties (i.e., NP primary size and material
density), geometrical particle parameters (size distribution,
fractal dimension, number of principle agglomerate clusters),
suspension properties (NP concentration, temperature, and
medium density and viscosity), andmedium depth. Given these
input parameters, the simulation starts with a set of N NPs, with
diameters sampled from a specified PSD, obtained through
experimental measurements of the NP suspensions in the liquid
medium under evaluation. The above sampling can be accom-
plished, for PSDs that are described by an analytical function (e.
g., normal or log-normal distribution), based on the generation
of N random numbers from the specified PSD. Alternatively, for
PSDs that are in a discretized form (i.e., an array of size bins with
corresponding particle number frequencies), the sampling of
NP diameters can be carried out by first allocating nl particles to
each bin, l, based on the above specified frequencies, such that
nl = Nf l

b/∑l = 1
M f l

b, where f l
b is the frequency for bin l, and l = 1 ...M

denoting the size bins. Subsequently, for each bin l, the particle
sizes of the nl particles are obtained by generatingml uniformly
distributed random numbers between the minimum and max-
imum size of the bin. The simulation time (tfinal) is divided into n
equal time steps (typically 100), whereby at each time step the
vertical positions of all NP agglomerates in suspension are
updated based on the particle displacement due to Brownian
diffusion and gravitational settling. The vertical travel distance
for particle i (Δzi) is determined at each time step (Δt = tfinal/n)

for all particles in the simulation box according to

Δzi ¼ ΔzS, i þΔzB, i (2)

where ΔzS,i and ΔzB,i are the gravitational settling and diffusion
traveling distances in the vertical direction, respectively, for
NP agglomerate i (i.e., relative to their vertical position in the
previous time step). As lateral movements do not contribute
to vertical repositioning of particles, the vertical particle travel
distance attributed to Brownian diffusion, ΔzB,i (positive or
negative for upward or downward movement, respectively),
is estimated as the vertical travel distance determined based
on a random number sampled from a normal distribution with
μ = 0 and s =

ffiffiffiffiffiffiffiffiffiffiffiffi
2DiΔt

p
such that47,48

ΔzB, i � N (0, 2DiΔt) (3)

in which Di is the Brownian diffusivity determined from47,48

Di ¼ kT

6πηri
(4)

where k is the Boltzmann constant, T is the medium tempera-
ture, η is the medium viscosity, and ri is the radius of particle i.

The gravitational sedimentation distance (ΔzS,i, negative for
downward movement) is calculated as

ΔzS, i ¼ vS, iΔt (5)

inwhich vS,i is themodified Stokes settling velocity that accounts
for the agglomerate porosity and permeability (eq 6). At each
time step, particles with vertical positions below the bottom
boundary of the box (i.e., zi,τ= zi,τ�1þΔzie 0,where zi,τ and zi,τ�1

are the particle vertical positions at the τth and (τ � 1)th time
step, respectively) are considered to have settled to the bottom
of the box (i.e., the in vitro plate well) and no longer present as
suspended particles (i.e., in the suspension).

NPs that readily agglomerate in aqueous suspensions
typically exist as fractal structures. These fractal agglomerates
may be partially draining, as has been discussed in a number of
studies on gravitational settling of complex agglomerates.41�43

These studies have demonstrated that the assumption of
impermeable agglomerates can lead to significant underesti-
mation (by up to an order of magnitude and higher) of the
agglomerate settling velocity. Accordingly, modifications to the
classical Stokes settling velocity have been proposed, whereby
the correction factor takes the form42

Γ ¼ vpermeable
s, i

vimpermeable
s, i

¼ ξi
ξi� tanh(ξi)

þ 3

2ξi
2 (6)

where νs,i
permeable and νs,i

impermeable are the settling velocities of a
permeable agglomerate and impermeable sphere of the same
diameter, respectively, and ξi is the dimensionless permeability
of the fractal agglomerate i. The Stokes settling velocity for an
impermeable sphere is expressed as

vimpermeable
s, i ¼ (Fe, i � Ff )gdi

2

18η
(7)

in which Fe,i and di are the particle effective density and
diameter, respectively, Ff is the fluid density, g is the gravita-
tional constant, and η is the medium viscosity. Since NP
agglomerates have a fractal porous structure, their effective
density Fe,i, which is lower relative to that of a solid sphere of the
same diameter, can be estimated from

Fe, i ¼ Fp(1�ji)þ Ffji) (8)

where Fp is the NP material density and ji is the dimensionless
NP porosity related to the fractal dimension, df, by

ji ¼ 1� (di=dp)
df � 3 (9)

where dp is the primary NP diameter. It is noted that if an
experimental measurement of the average effective density
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of the NP agglomerates in suspension is available, the fractal
dimension may be extracted from eqs 8 and 9.

Various expressions have been proposed for the perme-
ability of a fractal agglomerate such as the Carman�Kozeny,64

Brinkman,65 and Happel66 equations. However, it has been
reported that the above permeability expressions are based
on the assumption of primary particles and pores that are
uniformly distributed; this simplification is unrealistic for fractal
agglomerates, and following such a correction to the settling
velocity still results in significant underestimations (by up to a
factor of 2) of the settling velocity.43,67,68 In order to overcome
the above limitation, modification of the above permeability
expression has been proposed,43 according to which an agglo-
merate is taken to be composed of a few (j10) principle clusters
(of primary particles) that thus have larger pores between the
principle clusters.43 Among the various proposed modified
permeability expressions, the Brinkman and the Happel equa-
tions were assessed to bemost suitable for fractal agglomerates
over a wide range of fractal dimension (df = 1.7�2.5).43 For
example, the modified dimensionless permeability based on
themodified Brinkman equation, whichwas used in the present
work, is given as43

ξi ¼ 4:2
n

c

� �1=df

3þ 4
c

n

c

� �3� df=df

� 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8
c

n

c

� �3 � df=df

� 3

s2
4

3
5
�1=2

(10)

in which n is the number of principle clusters (typically ng 4),43

c is a packing coefficient reported to be in the range 0.15�
0.25,43 and df is the fractal dimension. The above expression can
then be used in eq 6 to calculate the settling velocity for the NP
agglomerates.

Dose�Response Analysis. In order to establish toxicity metrics
based on administered and delivered NP dose, dose�response
analyses were conducted via the commonly used log�logistic
model:37,51

y ¼ 1=(1þ 10s(log10EC50 � log10x)) (11)

In the above model, x and y identify the NP dose and response,
respectively, while the shape of the log�logistic curve is
dictated by the EC50 and Hill slope (s).51 Here it is noted that
the dose (x) is either the administered or delivered dose. The
latter can be expressed in terms of either the deposited mass
per unit volume or other suitable dose metrics (e.g., surface
area) given the PSD tracked by the SP2N model. According to
the log�logistic model, if the dose (x) is scaled by a factor of
R (e1), then the fitteddose�response curvewill shift horizontally
to the left by a distance of log10(R), while its shape will remain
unchanged (Figure 8). In the present work, dose�response

analyses were accomplished using OriginPro 9 (OriginLab,
Northampton,MA, USA) using the response data of all triplicates
(i.e., three data points for each NP at each administered dose) to
avoid loss of information.
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