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Abstract

Biomathematical modeling quantitatively describes the disposition of metal nanoparticles in lungs
and other organs of rats. In a preliminary model, adjustable parameters were calibrated to each of
three data sets using a deterministic approach, with optimal values varying among the different
data sets. In the current effort, Bayesian population analysis using Markov chain Monte Carlo
(MCMC) simulation was used to recalibrate the model while improving assessments of parameter
variability and uncertainty. The previously-developed model structure and some physiological
parameter values were modified to improve physiological realism. The data from one of the three
previously-identified studies and from two other studies were used for model calibration. The data
from the one study that adequately characterized mass balance were used to generate parameter
distributions. When data from a second study of the same nanomaterial (iridium) were added, the
level of agreement was still acceptable. Addition of another data set (for silver nanoparticles) led
to substantially lower precision in parameter estimates and large discrepancies between the model
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predictions and experimental data for silver nanoparticles. Additional toxicokinetic data are
needed to further evaluate the model structure and performance and to reduce uncertainty in the
kinetic processes governing in vivo disposition of metal nanoparticles.
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1. Introduction

The use of nanoparticles in commerce has expanded rapidly, with an increase from 803
products in 2008 to 1628 products as of October 2013 in a nanotechnology consumer
products database (Project on Emerging Nanotechnologies, 2013). As consumer exposure
increases, concerns about toxicity have also been raised, based on effects identified in
laboratory animals. As in other areas of chemical toxicology, the development of
physiologically based pharmacokinetic (PBPK) dosimetry models has the potential to
improve understanding of concerns identified in rodents and the potential relevance to
humans, based on comparative internal dosimetry. The fate of nanoparticles is an active area
of research.

A biomathematical model was previously developed for the disposition of nanoparticles in
rats (MacCalman et al., 2009; MacCalman and Tran, 2009) based on calibration to three data
sets (Semmler et al., 2004; Takenaka et al., 2001; Fabian et al., 2008). In the preliminary
model, adjustable parameters were calibrated for each data set using least squares methods,
with varying values for a given parameter obtained for the different data sets. Some of these
parameter values differed radically among data sets. For example, the estimates of fractional

translocation from the liver capillaries to the venous blood ( \2) were 0.9786 (Semmler), 0.5
(Takenaka) and 0.0001 (Fabian). As these data sets describe the disposition of three different
types of nanoparticles, it is unclear whether the parameter differences were due to material-
specific differences in disposition, inadequate data to unambiguously identify model
parameter values, or an inappropriate model structure.

In the current model, Bayesian population analysis using Markov chain Monte Carlo
(MCMC) simulation was performed to provide estimates of the parameter distributions
(rather than point estimates), which also allowed for subsequent uncertainty and variability
analysis. Bayesian population analysis is an appropriate method for calibrating the rat
nanoparticle PBPK model (Bernillon and Bois, 2000; Lunn et al., 2009; Jonsson and
Johanson, 2003; Hack, 2006; Hack et al., 2006; Péry et al., 2009). Using this technique, the
model parameters were calibrated to one or more data sets simultaneously. Data from one of
the three previously-identified studies were used; additional data useful for model
calibration were extracted from one of these previously identified studies (described in more
detail in the “Methods” section) and from a newly published study of nanoparticle
toxicokinetics. The previously-developed model structure was modified and some
physiological parameter values modified to improve physiological realism or simplify the
model structure, based on published PBPK modeling of nanoparticles in rats and humans.
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A sensitivity analysis of the adjustable model parameters was conducted to assess the impact
of uncertainty/variability in model parameter values to predictions of output, using the
population posterior distribution as inputs for Monte Carlo simulations.

2. Materials and methods

2.1. Key data sets

The preliminary rat PBPK model for nanoparticles (MacCalman et al., 2009; MacCalman
and Tran, 2009) was based on calibration to three data sets (Semmler et al., 2004; Takenaka
et al., 2001; Fabian et al., 2008). (Key characteristics of these studies and others used in the
model calibration are summarized in Table 1). For the preliminary model, the iridium data
initially reported in Semmler et al. (2004) (with additional detail reported by Semmler-
Behnke et al., 2007) constituted the key data set for understanding rat whole-body
disposition of nanoparticles due to the extended follow up time (longer than Takenaka et al.,
2001) and the measurement of nanoparticles in most of the tissue regions of interest
(particles were not observed in the brain, olfactory, alveolar, and upper airway regions in the
i.v. study by Fabian et al., 2008; which was also reported in van Ravenzwaay et al., 2009).

Based on literature searches, additional data sets that could potentially be used to further the
development of this model were identified. The studies under consideration were limited to
a narrow range of particles sizes (15-30 nm) (Table 1) due to findings that particles of
approximately 20 nm diameter behave differently in vivo than larger (80-100 nm) particles
(Sarlo et al., 2009; Lankveld et al., 2010). Furthermore, nanoparticles between 6 nm and 34
nm are expected to result in the greatest internal tissue exposure, relative to other particle
sizes (Choi et al., 2010). Additional desirable characteristics for candidate studies were the
availability of time course data (vs. disposition at a single sampling time) and potential for
mass balance (extensive tissue sampling and/or excretion data). Studies with a duration of 7
days or more, and the use of non-functionalized metal particles were preferred due to greater
comparability to the key data (Semmler et al., 2004). Potentially applicable new data sets
included studies by Zhu et al. (2009) (ferric oxide), Lankveld et al. (2010) (silver),
Dziendzikowska et al. (2012) (silver), and Shinohara et al. (2014) (titanium dioxide); the
data of Sarlo et al. (2009) could not be used because nanoparticle recovery for most tissues
was reported in semi-quantitative form (i.e., 0.005-0.05% of dose). In addition, another
study of iridium nanoparticles from the same laboratory as the Semmler et al. (2004) study
(Kreyling et al., 2002, 2009) was identified and the additional data deemed useful for the
development of this model. The data of Zhu et al. (2009) were not used due to uncertainty
regarding the distribution of intratracheally instilled particles within the airway. A portion of
the study of Lankveld et al. (2010) was conducted using particles similar in size to the
previously identified data, the study duration was similar, and the data were provided in a
convenient tabular form, so these data were also used in model development (Table 1). The
Dziendzikowska et al. (2012) concentration data were reported in terms of dry weight of
tissue or feces; conversion factors were not provided, so this data set could not readily be
used for model development. In the Shinohara et al. (2014) study, titanium dioxide was
measured as titanium metal (Ti); since Ti in excreta were not elevated above the substantial
levels in controls, mass balance could not be adequately characterized.
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The data of Semmler et al. (2004), reported in graphical form, were digitized. Whole body
retention and fractional excretion rate data were used to compute cumulative fecal excretion
of nano-particles (not used in the preliminary model) and fractional retention in the lung
(normalized to retention on day 3) was converted to absolute amounts.

The data for the study of Takenaka et al. (2001) were reported in tabular form. We were not
able to successfully simulate this scenario, due to simulation errors (negative amounts of
mass predicted, most frequently in smaller tissues) encountered when attempting to simulate
this study using the MCSim software. Furthermore, this study used a different animal model
than other studies under consideration (female F344 rats vs. male Wistar rats), so solutions
to the simulation difficulties were not pursued and this data set was not used in the current
evaluation.

The data of Lankveld et al. (2010) were reported both in graphical form as concentrations,
and in tabular form as whole-organ values. The whole organ values were used, with the
exception that the blood values were multiplied by 1/3 to estimate the amount of particles
present in the venous blood only, based on rat anatomy and the model structure, which
separates venous, arterial, and capillary blood.

The data of Fabian et al. (2008) were reported as tissue concentrations of nanoparticles.
These concentrations were scaled to whole-organ values using average organ masses
provided in the same paper. On Day 1, the sum of these scaled amounts (1.37 mg) slightly
exceeded the administered dose (1.25 mg). To avoid mass balance issues associated with
this discrepancy, the amounts of nanoparticles in all tissues on day 1 were adjusted such that
the total body burden equaled the administered dose.

2.2. Model structure

The model structure (Fig. 1) was a revision of the structure proposed by MacCalman and co-
workers (MacCalman et al., 2009; MacCalman and Tran, 2009); the MacCalman et al.
PBPK model was an extension of earlier models describing the retention and clearance of
particles in the lung (Tran et al., 2002; Tran et al., 2001). The multi-compartmental structure
(i.e., “splitting” rather. than “lumping”) was dictated by consideration of the data available
and physiological processes of interest. For example, the availability of particle
concentration data for a number of distinct tissues that are sometimes lumped in PBPK
models (e.g., brain, heart, spleen) meant that these tissues could be considered separately.
Physiological processes of interest included a realistic representation of arterial plus portal
flow to the liver and potential enterohepatic recirculation. Revisions were made to improve
the physiological realism of the extrarespiratory portions of the model. Briefly, the model
describes each non-respiratory organ as consisting of tissue and tissue capillaries (liver
tissue shown in Fig. 2; other tissues have the same subcompartments, but no biliary
excretion). Arterial blood carrying nanoparticles enters the tissue capillaries, and
nanoparticles diffuse into the tissue. Nanoparticles within the tissue can either be quasi-
irreversibly sequestered or diffuse back into the tissue capillaries, from which they may exit
in the venous blood. As implemented for this effort, parameter values for diffusion are set
such that there is no diffusion limitation. In the revised model structure, the venous blood of
the splanchnic tissues (spleen and gastrointestinal tract [GI]) is delivered to the liver
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capillaries rather than the venous blood, as in the MacCalman et al. model in order to be
more physiologically realistic. The Gl tract includes a “gut contents” subcompartment in
addition to the tissue and capillaries. Nanoparticles may reach the gut contents via gavage;
direct oral ingestion; clearance from the olfactory region, upper airways, or alveolar region;
or biliary elimination from the liver. The nano-particles in the gut contents may be absorbed
into the Gl capillaries (and distributed systemically from there) or excreted from the body in
the feces. The biliary elimination of nanoparticles from the liver is assumed to occur via
partitioning from liver tissue to bile and transport of the bile into the gut contents.

The “bound” material in the organs is eliminated from the “sequestered” subcompartment
into the feces. This mathematical description is a simplistic description of undetermined
processes. The nature of the bound material is unknown, but may be sequestered,
phagocytized material in immune cells (Li et al., 2014) or strongly bound to protein.
Attempts to describe the entire nanoparticle content of systemic tissues as freely
exchangeable with blood or limited by diffusion only were unsuccessful. However, to
simulate the long-term time course of nanoparticles in systemic tissues, some form of
clearance must be included, although this pathway appears to provide a relatively small
contribution to total clearance. It was assumed that, once sequestered, the nanoparticles
would not again become “free” particles available for uptake from blood or Gl contents.
Therefore their tissue clearance was described as direct elimination via feces. Simplified
descriptions of elimination pathways for excretion via urinary, fecal, and/or exhaled breath
pathways (e.g., Hays et al., 2000; Louisse et al., 2010; Kim et al., 1994; Thrall et al., 2000)
are common in PBPK modeling, due to limited data availability for parameterizing clearance
(Clark et al., 2004).

2.3. Model parameter values

Anatomical and physiological parameters for a “standard” 250 g rat were generally taken
from the preliminary model (MacCalman et al., 2009; MacCalman and Tran, 2009) and are
reported in Table 2. The computation of the “other tissues” volume was corrected so that it
was calculated by mass balance. Bile flow from the liver to the gut contents was added at a
rate of 20 ml/day (RIVM, 2010) so that transfer of nanoparticles from the liver to the gut
contents could be calculated based on bile:liver tissue partitioning and bile flow.

The parameters controlling the diffusion of nanoparticles between capillary blood and
tissues were set equal to 1 so that the diffusion limitation would effectively be removed.
This change was based on the findings of Péry et al. (2009) that diffusion limitations were
not necessary to adequately describe the kinetics of 9¥Mtechnetium-labeled carbon
nanoparticles in humans and because in the MacCalman and Tran (2009) optimization to the
Semmler et al. (2004) data, most of the values for fractional translocation from capillaries to
tissues were similar to 1 (spleen and kidney were exceptions to this finding).

Particle size-specific estimates of airway deposition in the various regions for which
calibration data are available were calculated for both normal and endotracheal inhalation
using the MPPD2 model (v. 2.11, Applied Research Associates, Albuguerque, NM).
Fractional deposition estimates for endotracheal inhalation of iridium were determined using
MPPD?2 based on the particle and exposure characteristics described in Semmler et al.
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(2004)/Semmler-Behnke et al. (2007) and Kreyling et al. (2002, 2009). Calculated
deposition fractions were 0.2371 for the upper airways (conducting airways, in MPPD) and
0.4203 for the alveolar region for the Semmler study and 0.2657 for the upper airways and
0.4461 for the alveolar region for the Kreyling study. Similar calculations were done to
estimate deposition for the Takenaka et al. (2001) data, but are not described here because
these data were not used.

In the preliminary model, the fractions of the nanoparticles cleared from the airways into the
gut contents were allowed to be adjustable (optimized) parameters. In the current model,
100% transfer of cleared nanoparticles into the gut contents was assumed, an approximation
that is likely to be accurate for airway clearance in rats (because it is unlikely that coughing
or sneezing would be significant in rats).

In the preliminary model, the rate constants for processes in the alveolar region (particle
uptake, release, and clearance by macrophages and the particle interstitialization rate) were
taken from an earlier model for silica (Tran et al., 2002; Tran et al., 2001). For the current
effort, this assumption was initially relaxed, and attempts were made to estimate these
parameter values for nanoparticles. However, it was found that these parameters could not
be unambiguously identified from the existing data (i.e., the parameter values did not
converge when multiple chains of simulations were completed), so the values used in the
preliminary model were used for further analyses.

Urinary elimination of nanoparticles was included in the preliminary model. Lankveld et al.
(2010) found that multiple routes of nanoparticle clearance (i.e., urinary and fecal) could not
be clearly distinguished in their model (based only on tissue concentrations from their own
data set; they did not measure nanoparticle mass in excreta) and Choi et al. (2007)
determined that urinary elimination is unlikely for nanoparticles larger than 5.5 nm.
Therefore, the urinary clearance in the model was effectively “turned off” by setting the
kidney clearance rate (54) to zero. In the human nanoparticle PBPK model developed by
Péry et al. (2009), the same value was used for all tissue:plasma partition coefficients. Based
on their results, the possibility of making all tissue:plasma partition coefficients equal was
tested, but did not improve model fits for these data (not shown), so tissue-specific
tissue:plasma partition coefficients were retained in the model.

In the preliminary model, sequestration of nanoparticles in tissue was assumed to be
irreversible. Because shorter term models (e.g., Péry et al., 2009) were able to simulate
nanoparticle tissue kinetics with partition coefficients only (no binding), it was hypothesized
that the longer-term declines in tissue nanoparticle levels were due to slow clearance of
sequestered material by un-identified processes (possibly via trafficking of phagocytes, or
protein turnover). This clearance process was assumed to be governed by first-order
kinetics.

The fecal elimination rate was a fully adjustable parameter in earlier versions of the revised
model. Because unrealistically high rates for this parameter were estimated in the
optimization, the population mean was fixed at 8.2/day, based on the half time for the
passage of material from the stomach to the cecum (Enck et al., 1989). The absorption rate
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from the GI tract to the portal vein blood was allowed to vary for individual studies, within
the constraints of the population parameters.

2.4. Model implementation/model calibration

The preliminary rat PBPK model was previously developed by one of the coauthors (Laura
MacCalman) in Matlab. The equations were modified per the model structural changes
noted above and converted into a format appropriate for MCSim (version 5.3.1). The model
text file was converted into a C file using the preprocessor “mod” and was subsequently
compiled into the executable program.

The Bayesian approach relies on both prior knowledge, as described in initial parameter
distributions (shapes and ranges of values), and information that (if analyzed appropriately)
can be deduced from the measured data (Gelman et al., 1996; Bernillon and Bois, 2000).
Using a sampling algorithm such as the Metropolis Hastings algorithm, proposed
distributions are tested and narrowed to identify distributions that produce the best
agreement between the model and the data. In these stochastic simulations, the selection of
subsequent random values is influenced by the current parameter values (Bois and Maszle,
2009), with the goal that, on the whole, agreement improves as the simulation progresses.
Each chain should be inspected to verify that “equilibrium” has been achieved, and multiple
chains with different starting values (seed values) should be executed to test for consistency
among chains.

To facilitate the Bayesian MCMC analysis, a statistical model was generated to implement a
Bayesian approach to modeling the data. For the statistical model, the parameters to be
sampled and optimized were transformed so that the parameters would be described by
distributions of the means of the natural logarithm of the parameter value (M_InParam) and
the associated variances (V_InParam). The variance of the measurement error for the
measured covariates was also specified (Ve_Meas). The distribution shapes were modeled
after those used in development of the trichloroethylene PBPK model (U.S. EPA, 2009;
Evans et al., 2009; Chiu et al., 2009), and reflect to the degree possible the known, empirical
distributions of values in variable human populations. The distributions for M_InParam were
generally truncated normal distributions, while the V_InParam values were assumed to
follow an inverse gamma distribution (see “Results”, Table 3, and Supplementary Materials,
Tables S-1 and S-2). The Ve_Meas distributions were characterized as log uniform. Highly
uninformative prior parameter distributions were used to avoid bias, so that the posteriors
were determined by the data alone.

Multiple chains of MCMC simulations (10,000 iterations per chain, results reported for
every fifth iteration) were produced by using different seed values for the MCMC algorithm.
Occasionally chains produced fatal errors; when this happened, such events typically
occurred early in the chain and the results were discarded. This problem was encountered
more frequently when multiple data sets were considered simultaneously. Preliminary
analyses of the chains consisted of evaluating the progress of the chain by viewing the
changes in the log likelihood function (LLF) as the iterations progressed (a larger LLF
indicates better agreement between the model predictions and experimental data). This
inspection ensured that the chain was sufficiently stable that the last 5000 iterations would
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yield an acceptable set of “optimal” parameter values from the chain. An example of the
stabilization of the LLF output is provided in the Supplementary Materials (Fig. S-1). When
three acceptable chains had been produced, an initial assessment of the consistency of the
results was made by comparing the average of the LLFs. Typically, if there appeared to be
disparate results, additional chains were produced (up to a total of six chains) and the three
with the highest LLFs were used in subsequent analyses (e.g., convergence, posterior
parameter estimates).

2.5. Evaluation of model output

2.5.1. Convergence of model parameter estimates—The convergence (similarity)
of results among chains was analyzed by comparing the means and variances of the
parameter estimates through the use of the “R” statistic, where R = 1 indicates perfect
convergence (Gelman and Rubin, 1992; Gelman, 1996; Gelman et al., 1996). Gelman et al.
(1996) indicated that PBPK model parameter value estimates demonstrated acceptable
convergence if VR < 1.2 (R < 1.44). In the MCMC output summaries (Table 3, Tables S-1,
and S-2), the posterior variances (in the column to the left of the “R” value) reflect the
average variance in posterior values the three chains used for a particular data set (or group
of data sets). That is, for a series in which the first three chains were deemed to adequately
converge, the reported posterior variance is 1/3rd of the sum of variance of posterior values
from chain 1, chain 2, and chain 3. These variances among output values of each chain
should not be confused with the population parameter variances, the posterior mean value
for V_InParam.

2.5.2. Model sensitivity analyses—Key (sensitive) adjustable model parameters were
identified by using the posterior parameter values derived from the MCMC analysis of the
Semmler et al. (2004)/Semmler-Behnke et al. (2007) and Kreyling et al. (2002, 2009) data.
The model was implemented in acsIX (version 3.0.2.1, AEgis Technologies, Huntsville, AL,
USA) using the Monte Carlo analysis utility to generate 1000 model iterations. The
population means and variances noted in bold in Table 3, Tables S-1, and S-2 and the prior
constraints (minimum and maximum values) were used to generate the parameter values for
the Monte Carlo simulations. Sensitivity was determined at a limited number of times that
corresponded to the times at which experimental data had been collected. Because non-
normal distributions were used, inputs and outputs were converted to ranks (i.e., the lowest
value is assigned a rank of 1000, whereas the highest value is assigned a rank of 1) prior to
correlation analysis (Decisioneering, 1996). The correlation between ranks was determined
using Microsoft Excel (“CORREL” function). The contribution of a given parameter to the
variance of the forecast value is determined by squaring the correlation coefficients of the
input parameters and normalizing each input to a total contribution of 100 percent
(Decisioneering, 1996).

2.5.3. Visualization of output—The forecast values from the Monte Carlo simulations
were compared to the experimental data using plots generated in Microsoft Excel. Time
course simulations of measurements of interest were extracted for the median output of the
population simulation and the 16th and 84th percentile values. For normally distributed
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outputs, the 16th and 84th percentile values approximate values + one standard deviation
from the mean.

2.5.4. Quantification of extent of agreement between model predictions and
experimental data—For each experimental data point, the agreement between the model
prediction and the experimental value (discrepancy index) was computed as the maximum
of the predicted value/experimental value or experimental value/predicted value. In the case
of perfect agreement between the model and the data, the discrepancy index would be 1.
Geometric mean discrepancy indices were computed to aggregate the discrepancy indices
for tissues/excreta over time and for all times and matrices evaluated for a given study. The
agreement between the model and data was generally deemed acceptable if, on average, the
difference between the model predictions and the mean of the experimental data is not more
than a factor of two (International Programme on Chemical Safety [IPCS], 2010).

The current model calibration was based mainly on data from three studies, including the
Semmler study (Semmler et al., 2004; Semmler-Behnke et al., 2007) that was used in the
earlier model (MacCalman and Tran, 2009). The Semmler study was the only study with
sufficient detail to adequately characterize the mass balance of inhaled iridium particles.
Data from two additional studies were added in a stepwise manner in the current model: a
second study of iridium particles (Kreyling et al., 2002, 2009), and a study of silver
nanoparticles (Lankveld et al., 2010). Alteration in the agreement between the model
predictions and the data was assessed as data sets were added.

Bayesian MCMC analyses were successfully completed for the Semmler data alone
(Semmler et al., 2004; Semmler-Behnke et al., 2007) (“S analysis”); the Semmler data plus
Kreyling data (Kreyling et al., 2002, 2009) (“SK analysis™), and the Semmler data, Kreyling
data, and Lankveld data (Lankveld et al., 2010) (“SKL analysis”). A fourth study (Fabian et
al., 2008; van Ravenzwaay et al., 2009) of titanium dioxide nanoparticles, which was also
used in the preliminary model, was evaluated in the current model with the other three data
sets. It took 32 attempts to find seed values that produced 5 complete chains when all four
data sets were used. Several population parameter estimates generated by these chains failed
to converge, so no further analysis of this output was conducted.

The statistical model parameters and results for the SK, S, and SKL analyses were
summarized in Table 3, Tables S-1, and S-2, respectively. Convergence was seen for all
parameters for the S and SKL analyses. A lack of convergence was observed for two
parameters for the SK analyses—the sequestration rate in other perfused tissues (kg3) and
the clearance of sequestered material from the heart (ig34). For the SK and SKL analyses,
no substantial differences between the group-specific parameter values for the Semmler data
vs. Kreyling data were identified (Table 3, Table S-1). For the SKL analyses, the Lankveld
group parameter values were substantially different from those of the Semmler and Kreyling
groups for fecal elimination and the plasma:liver partition coefficient (Table S-2).
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Monte Carlo simulations were conducted based on the population parameters from the S,
SK, and SKL analyses. The predictions generated from the central tendency estimates of the
population values were compared to the experimental data to generate a quantitative
assessment of the agreement between the model and Semmler data (Table 4), Kreyling data
(Table 5), and Lankveld data (Table 6). Graphical comparisons of the mean values of the
experimental data and the 16th percentile, median, and 84th percentile values of the outputs
of the SK and SKL analyses were also generated (Fig. 3—Semmler data, Fig. 4—Kreyling
data, and Fig. S-2 in the Supplementary Materials—Lankveld data). Error bars for the
experimental data are not shown; standard deviations for the Semmler et al. lung data were
small (~17% of the mean, on average). Standard deviations on tissue concentrations
appeared to be larger, at times exceeding 100% of the mean value, but could not be
determined from the original paper due to lack of clarity in the original figure (overlapping
error bars). Outputs from the S analyses were omitted from the figures for clarity and
because of their similarity to the SK outputs. A data set not used in parameter estimation
(Fabian et al., 2008) was also compared to model forecasts (Table S-3 and Fig. S-3).

Overall, the agreement to the Lankveld data was fair to poor, and the model tended to over
predict the measured nanoparticle burdens, with the exception of the liver (Table 6, Fig.
S-2). Because of this finding, the variability/uncertainty analysis was limited to the SK
model to identify contributors to variability in predicted iridium disposition and inform the
assessment of parameter identifiability from these data sets. Fixed parameters (Table 2) were
not considered in this analysis. The analysis was limited to the population parameters
determined through the Bayesian MCMC analysis, with sensitivity determined via rank
correlation (i.e. rank of the input, among the 1000 trials vs. the rank of the forecast value
derived from that trial) and percent contributions to variability determined from the squares
of the correlation coefficients.

Optimized parameters that had the greatest impact on predicted brain concentration in
iridium for the Semmler study are shown in Fig. 5. A larger estimated oral absorption rate
tended to increase predicted brain concentrations, especially at the earliest sample time,
while the fecal elimination rate had the opposite effect. The tissue-specific sequestration rate
(x83) and clearance rate for sequestered materials (x834) had little impact at the earliest
point, but were more important at later points, with impacts in opposite directions, while the
impact of the plasma:brain partition coefficient is fairly consistent over time. The rate of
sequestration in “other” tissues has some impact beyond the earliest time point due to its
function as a relatively large sink for systemically-delivered nanoparticles. The time-
dependent contributions of the various parameters to the variability at each time point are
shown in Fig. 6. Other systemic tissue concentrations had similar key determinants (data not
shown). The amount in the lung and associated lymph nodes was sensitive to the rates of
translocation from the lung to the blood (kb) and into the lymph nodes (kl), and was
differentially sensitive over time to these parameters (Fig. 7). The cumulative amount
excreted in feces was sensitive to some of the same parameters that drove the forecasted
systemic levels (absorption, elimination, and sequestration in other tissues), and the same
parameters to which lung burden was sensitive (Fig. 8).
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4. Discussion

The focus on the iridium data of Semmler and co-workers (Semmler et al., 2004; Semmler-
Behnke et al., 2007) for these analyses was due to the extended follow up (170 days post
dosing) and potential for constraining mass balance (fecal excretion data; urinary excretion
was likely minimal for this study due to particle size) and the previous use of these data in
PBPK modeling of nanoparticles (MacCalman and Tran, 2009; MacCalman et al., 2009).
The addition of the Kreyling et al. (2002, 2009) data was anticipated to better constrain the
parameter estimates for systemically distributed iridium because of the availability of data
for tissues not characterized by Semmler (e.g., one time point each for heart and blood and
four time points for the other tissues compartment). It was determined that the addition of
the Kreyling et al. (2002, 2009) data set, did not substantially alter the level of agreement,
although optimal parameter values changed. Therefore changes in estimated parameter
values between the “S” and “SK” analyses were not necessarily considered indicative of a
poor model structure, but rather a reflection of better identification of parameter values due
to consideration of additional data. Furthermore, the time course estimates for the median
population simulation were still substantially in agreement with the experimental data (Table
4) and the spread of the population simulations (84th vs. 16th percentile values) were
narrower for the SK analysis than the S analysis (simulations not shown). The addition of
the next data set (Lankveld et al., 2010) did not substantially alter the fit to the iridium data
sets, but did not produce adequate agreement between experimental data and simulations for
the silver nano-particles. In addition, inclusion of the third data set dramatically increased
the spread of the posterior Monte Carlo population simulations of iridium toxicokinetics.
This step-wise addition of data sets within the MCMC framework, rather than a single
MCMC analysis of all of the data being considered, allowed us to discern the impact of each
additional data set on model performance (i.e. fit) and precision of parameter estimates.

The sensitivity analyses for iridium Kinetics demonstrated that the forecast values were
clearly sensitive to most of the parameters being optimized. The time-sensitivity of the rank
correlation co-efficients (Figs. 5 and 7) highlights the importance of time course data for
evaluating model structures and parameterization. The determination that tissue burdens
were sensitive to the values of many adjustable parameters was not surprising—had the tissue
burdens been sensitive to a more limited set of parameters, the simpler model structures that
were explored may have sufficed to fit the data.

The Lankveld et al. (2010) data were used to test the applicability of the iridium-derived
parameters to the disposition of a similar material (with respect to size, lack of
functionalization, etc.) in the same animal model, the young adult male Wistar rat. The fit of
the median SKL simulation results to the Lankveld data was not acceptable (Table 6). The
impact on simulations of the Semmler and Kreyling studies from the addition of the
Lankveld et al. (2010) data to the MCMC analysis was not apparent from the predictions
based on the central tendency population parameters values alone (Tables 4 and 5), but was
evident in the wider population predictions (Fig. 3) and in an elevated estimate in the
variance of the fecal excretion rate (Table S-2). This conclusion could not readily have been
drawn from deterministic analyses alone, and helps demonstrate the value of the Bayesian
approach. Had data on nanoparticle excretion in feces been available for the Lankveld et al.
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(2010) study, the fecal excretion rate might have been more narrowly constrained.
Dissolution of the silver nanoparticles at some rate may have contributed to poorer model fit
and over-prediction compared to the calibration data (Fig. S-2) and an independent data set
for titanium oxide nanoparticles (Fig. S-3).

The kinetics of nanoparticles in vivo are, in general, not currently well-understood (Li et al.,
2010) and the reasons for the inability of the iridium-derived model parameters to describe
the toxicokinetics of silver (Lankveld et al., 2010) data are likewise unclear. One possibility
is that there are key differences in the characteristics of the test articles that somehow
translate to differences in optimal values for certain parameters; the data sets considered in
this analysis were selected primarily based on similarity of particle size, and the lack of
additional functional groups. Another possibility is that model structure does not adequately
describe the key processes. The PBPK model structure tested here (a flow-limited
modification of MacCalman and Tran, 2009; MacCalman et al., 2009), is based largely on
model structures used previously for many volatile, soluble compounds, but with limited
translocation from the lung interstitial tissue into the blood. A similar model structure was
successfully applied to short term (up to 60 min) kinetics of %™technitium-labeled carbon
nanoparticles inhaled by humans (Péry et al., 2009). In contrast, Li et al. (2012) found the
kinetics of poly(lactic-co-glycolic acid) nanoparticles prepared with varying amounts of
monomethoxypoly (ethylene glycol) in mice were described better by membrane-limited
models than flow-limited models. The model structure used herein for iridium particles did
not include any saturable processes, and the doses of iridium nanoparticles (~3 pg in
Semmler et al., 2004; Semmler-Behnke et al., 2007) were much less than the silver dose in
Lankveld et al. (2010) (five injections of 23.8 ug), so the lack of consistency could be due to
saturation of key processes at the higher doses in Lankveld et al. (2010). The model does,
however, appear to capture the extent of the day-to-day increases in retention of
nanoparticles in lung and peripheral tissues, consistent with the repeated-dosing data of
Lankveld et al. (2010), the only repeated dosing study considered in this analysis. PBPK
models for nanoparticles that integrate diffusion limited uptake and incorporate immune
cells as a distinct, capacity-limited subcompartment could provide alternative structures to
test against these same data sets (Bachler et al., 2013; Li et al., 2014). In addition, if the
majority of systemically distributed nanoparticles are associated with macrophages, rather
than “free”, their distribution over the time frame of interest here (several days) might better
be described by inter-organ trafficking of the cells of the immune system (Zhu et al., 1996)
rather than diffusion from blood alone. The simplistic description of sequestered particles
being cleared directly to feces (rather than being trafficked through the lymphatic system or
carried in the blood in a non-exchangeable form) contributes uncertainty to the derived
parameters. However, since the parameters for clearance of sequestered particles do not
have a significant impact on predictions of nanoparticle elimination in feces, the impact, if
any, is likely limited to the fit to blood concentrations.

Further modeling work would benefit from well-conducted long-term kinetics studies in
rodents, as discussed above. Even without such data, simulation studies may provide more
information on the reliability of the current model parameter values as well as the potential
to simplify the model structure for poorly-soluble nanoparticles. Moreover, further model
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development to include particle dissolution pathways (e.g., as described in Bachler et al.,
2013) may improve the model predictions for soluble nano-particles. Although a goal of
developing a PBPK model in rodents is to provide a biological basis for extrapolation of the
model to humans, further data and model evaluations are needed before extrapolation is
feasible. Ideally, future in vivo toxicokinetics studies of nanoparticles would incorporate
better demonstration of mass balance, by collection of excreta and determination of nano-
particle content of all important tissues, including muscle, fat, bone marrow, and the
skeleton at multiple time points. Multiple measurements of tissues are important so that both
the delivery/distribution and clearance phases can be discerned, but this requires increased
numbers of animals and amounts of test article. However, multiple measurements of blood,
urine, and feces can be completed without requiring more animals or test article. While the
sensitivity of tissue burdens of iridium to values of model parameters was fairly consistent
after the initial distribution period (t = 6 h, vs. 7-170 days; Figs. 5-7), the cumulative
excretion in the feces showed somewhat different patterns of sensitivity, depending on the
parameter. For example, cumulative excretion showed a transient sensitivity to storage in
“other” tissues, decreasing sensitivity to the oral absorption rate, and increasing sensitivity
to the rate of transfer to the lymph nodes (Fig. 8). Thus, if analytical techniques permit
quantitation of nanoparticles in excreta at longer times after administration, these data can
provide useful constraints on model parameter values.

5. Conclusions

While the nanoparticle toxicokinetic database continues to expand (Yang et al., 2010), much
remains unknown as to the fundamental processes which dictate the systemic uptake,
distribution, and clearance from the body. PBPK modeling of nanoparticles is hampered by
a lack of thorough mass balance studies with adequate time courses to supply sufficient data
sets for comprehensive modeling; this lack may be overcome through better-designed
studies, or techniques that allow information to be amalgamated across studies and study
designs. In addition, it is important that the test articles be well-characterized so that
properties beyond size and elemental composition (e.g., surface properties and other
characteristics) be considered as potential key determinants of disposition. Bayesian MCMC
techniques have the potential to be applied to test various model structures via the
simultaneous consideration of multiple data sets over wide ranges of potential parameter
values, facilitating an improved understanding of key determinants of toxicokinetics of
different types of nanoparticles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors are grateful for the assistance Eric Hack (Henry M. Jackson Foundation) in the initial protocol
development, software installation, and model debugging.

Prepared under contract 212-2006-F-18697 between TERA and NIOSH and an Interagency Agreement between
NAMRU Dayton and NIOSH (13FED1313358) (Navy Work Unit Number 1317).

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweeney et al.

Page 14

References

Bachler G, von Goetz N, Hungerbuhler K. A physiologically based pharmacokinetic model for ionic
silver and silver nanoparticles. Int J Nanomed. 2013; 8:3365-3382.

Bernillon P, Bois FY. Statistical issues in toxicokinetic modeling: a Bayesian perspective. Environ
Health Perspect. 2000; 108 (Suppl 5):883-893. [PubMed: 11035998]

Bois, FY.; Maszle, DR. User’s manual, software version 5.3.1. 2009. MCSim: a Monte Carlo
Simulation Program.

Chiu WA, Okino MS, Evans MV. Characterizing uncertainty and population variability in the
toxicokinetics of trichloroethylene and metabolites in mice, rats, and humans using an updated
database, physiologically based pharmacokinetic (PBPK) model, and Bayesian approach. Toxicol
Appl Pharmacol. 2009; 241:36-60. [PubMed: 19660485]

Choi HS, Ashitate Y, Lee JH, Kim SH, Matsui A, Insin N, Bawendi MG, Semmler-Behnke M,
Frangioni JV, Tsuda A. Rapid translocation of nanoparticles from the lung airspaces to the body.
Nat Biotechnol. 2010; 28:1300-1303. [PubMed: 21057497]

Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Itty Ipe B, Bawendi MG, Frangioni JV. Renal
clearance of quantum dots. Nat Biotechnol. 2007; 25:1165-1170. [PubMed: 17891134]

Clark LH, Setzer RW, Barton HA. Framework for evaluation of physiologically-based
pharmacokinetic models for use in safety or risk assessment. Risk Anal. 2004; 24:1697-1717.
[PubMed: 15660623]

Decisioneering. Crystal Ball®. Version 4.0 User Manual. 1996.

Dziendzikowska K, Gromadzka-Ostrowska J, Lankoff A, Oczkowski M, Krawczyrska A,
Chwastowska J, Sadowska-Bratek M, Chajduk E, Wojewddzka M, Dusinsk& M, Kruszewski M.
Time-dependent bio- distribution and excretion of silver nanoparticles in male Wistar rats. J Appl
Toxicol. 2012; 32:920-928. [PubMed: 22696427]

Enck P, Merlin V, Erckenbrecht JF, Wienbeck M. Stress effects on gastrointestinal transit in the rat.

Gut. 1989; 30:455-459. [PubMed: 2714679]

Evans MV, Chiu WA, Okino MS, Caldwell JC. Development of an updated PBPK model for
trichloroethylene and metabolites in mice, and its application to discern the role of oxidative
metabolism in TCE-induced hepatomegaly. Toxicol Appl Pharmacol. 2009; 236:329-340.
[PubMed: 19249323]

Fabian E, Landsiedel R, Ma-Hock L, Wiench K, Wohlleben W, van Ravenzwaay B. Tissue
distribution and toxicity of intravenously administered titanium dioxide nanoparticles in rats. Arch
Toxicol. 2008; 82:151-157. [PubMed: 18000654]

Gelman A, Rubin DB. Inference from iterative simulation using multiple sequences. Stat Sci. 1992;
7:457-472.

Gelman, A. Inference and monitoring convergence. In: Gilks, WR.; Richardson, S.; Spiegelhalter, DJ.,
editors. Markov Chain Monte Carlo in Practice. Chapman & Hall/CRC; Boca Raton: 1996. p.
131-143.

Gelman A, Bois F, Jiang J. Physiological pharmacokinetic analysis using population modeling and
informative prior distributions. J Am Stat Assoc. 1996; 91:1400-1412.

Hack CE, Chiu WA, Jay Zhao Q, Clewell HJ. Bayesian population analysis of a harmonized
physiologically based pharmacokinetic model of trichloro-ethylene and its metabolites. Regul
Toxicol Pharmacol. 2006; 46:63-83. [PubMed: 16889879]

Hack CE. Bayesian analysis of physiologically based toxicokinetic and toxicodynamic models.
Toxicology. 2006; 221:241-248. [PubMed: 16466842]

Hays SM, Elswick BA, Blumenthal GM, Welsch F, Conolly RB, Gargas ML. Development of a
physiologically based pharmacokinetic model of 2-methoxyethanol and 2-methoxyacetic acid
disposition in pregnant rats. Toxicol Appl Pharmacol. 2000; 163:67-74. [PubMed: 10662606]

International Programme on Chemical Safety (IPCS). [Accessed 8 Aug 2014] Characterization and
Application of Physiologically Based Pharmacokinetic Models in Risk Assessment. IPCS
harmonization project document. 2010. OnlineAvailable at: http://apps.who.int/iris/handle/
10665/44495

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2016 October 01.


http://apps.who.int/iris/handle/10665/44495
http://apps.who.int/iris/handle/10665/44495

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweeney et al.

Page 15

Jonsson F, Johanson G. The Bayesian population approach to physiological toxicokinetic-
toxicodynamic models—an example using the MCSim software. Toxicol Lett. 2003; 138:143-150.
[PubMed: 12559698]

Kim CS, Gargas ML, Andersen ME. Pharmacokinetic modeling of 2,4-dichlorophenoxyacetic acid
(2,4-D) in rat and in rabbit brain following single dose administration. Toxicol Lett. 1994; 74:189-
201. Erratum in:Toxicol Lett 1995 76: 185. [PubMed: 7871543]

Kreyling WG, Semmler M, Erbe F, Mayer P, Takenaka S, Schulz H, Oberddrster G, Ziesenis A.
Translocation of ultrafine insoluble iridium particles from lung epithelium to extrapulmonary
organs is size dependent but very low. J Toxicol Environ Health A. 2002; 65:1513-1530.
[PubMed: 12396866]

Kreyling WG, Semmler-Behnke M, Seitz J, Scymczak W, Wenk A, Mayer P, Takenaka S, Oberddrster
G. Size dependence of the translocation of inhaled iridium and carbon nanoparticle aggregates
from the lung of rats to the blood and secondary target organs. Inhal Toxicol. 2009; 21 (Suppl 1):
55-60. [PubMed: 19558234]

Lankveld DP, Oomen AG, Krystek P, Neigh A, Troost-de Jong A, Noorlander CW, Van Eijkeren JC,
Geertsma RE, De Jong WH. The kinetics of the tissue distribution of silver nanoparticles of
different sizes. Biomaterials. 2010; 31:8350-8361. [PubMed: 20684985]

Li D, Johanson G, Emond C, Carlander U, Philbert M, Jolliet O. Physiologically based
pharmacokinetic modeling of polyethylene glycol-coated poly-acrylamide nanoparticles in rats.
Nanotoxicology. 2014; 8(Suppl 1):28-137. [PubMed: 23102209]

Li M, Al-Jamal KT, Kostarelos K, Reineke J. Physiologically based pharmacokinetic modeling of
nanoparticles. ACS Nano. 2010; 4:6303-6317. [PubMed: 20945925]

Li M, Panagi Z, Avgoustakis K, Reineke J. Physiologically based pharmacokinetic modeling of PLGA
nanoparticles with varied mPEG content. Int J Nanomed. 2012; 7:1345-1356.

Louisse J, de Jong E, van de Sandt JJ, Blaauboer BJ, Woutersen RA, Piersma AH, Rietjens IM,
Verwei M. The use of in vitro toxicity data and physiologically based kinetic modeling to predict
dose-response curves for in vivo developmental toxicity of glycol ethers in rat and man. Toxicol
Sci. 2010; 118:470-484. [PubMed: 20833708]

Lunn D, Best N, Spiegelhalter D, Graham G, Neuenschwander B. Combining MCMC with
‘sequential” PKPD modelling. J Pharmacokinet Pharmacodyn. 2009; 36:19-38. [PubMed:
19132515]

MacCalman, L.; Tran, CL. Institute of Occupational Medicine Research Report TM/09/03. 2009.
Development and Extension of a Bio-mathematical Model in Rats to Describe Particle Size-
specific Clearance and Translocation of Inhaled Particles and Early Biological Responses.

MacCalman L, Tran CL, Kuempel E. Development of a bio-mathematical model in rats to describe
clearance, retention and translocation of inhaled nano particles throughout the body. J Phys Conf
Ser. 2009; 151 Online. Available at: http://www.iop.org/EJ/article/1742-6596/151/1/011002/
jpconf9_151 011002.pdf?request-id=3e9eda7f-8bb7-4e27-bcd7-6ef7273d8626.

Péry AR, Brochot C, Hoet PH, Nemmar A, Bois FY. Development of a physiologically based kinetic
model for 99m-technetium-labelled carbon nanoparticles inhaled by humans. Inhal Toxicol. 2009;
21:1099-1107. [PubMed: 19814607]

Project on Emerging Nanotechnologies. [Online Accessed Feb 12, 2014] Consumer Products
Inventory. 2013. Available at: http://www.nanotechproject.org/cpi

RIVM. [Online Accessed Mar 5, 2010] RIVM Db Rat Liver. 2010. Available at: http://www.rivm.nl/
interspeciesinfo/intra/rat/liver/db_rat_liver.jsp

Sarlo K, Blackburn KL, Clark ED, Grothaus J, Chaney J, Neu S, Flood J, Abbott D, Bohne C, Casey
K, Fryer C, Kuhn M. Tissue distribution of 20 nm, 100 nm and 1000 nm fluorescent polystyrene
latex nanospheres following acute systemic or acute and repeat airway exposure in the rat.
Toxicology. 2009; 263:117-126. [PubMed: 19615422]

Semmler M, Seitz J, Erbe F, Mayer P, Heyder J, Oberdérster G, Kreyling WG. Long-term clearance
kinetics of inhaled ultrafine insoluble iridium particles from the rat lung, including transient
translocation into secondary organs. Inhal Toxicol. 2004; 16:453-459. [PubMed: 15204761]

Semmler-Behnke M, Takenaka S, Fertsch S, Wenk A, Seitz J, Mayer P, Oberdorster G, Kreyling WG.
Efficient elimination of inhaled nano-particles from the alveolar region: evidence for interstitial

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2016 October 01.


http://www.iop.org/EJ/article/1742-6596/151/1/011002/jpconf9_151_011002.pdf?request-id=3e9eda7f-8bb7-4e27-bcd7-6ef7273d8626
http://www.iop.org/EJ/article/1742-6596/151/1/011002/jpconf9_151_011002.pdf?request-id=3e9eda7f-8bb7-4e27-bcd7-6ef7273d8626
http://www.nanotechproject.org/cpi
http://www.rivm.nl/interspeciesinfo/intra/rat/liver/db_rat_liver.jsp
http://www.rivm.nl/interspeciesinfo/intra/rat/liver/db_rat_liver.jsp

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sweeney et al. Page 16

uptake and subsequent reentrainment onto airways epithelium. Environ Health Perspect. 2007;
115:728-733. [PubMed: 17520060]

Shinohara N, Danno N, Ichinose T, Sasaki T, Fukui H, Honda K, Gamo M. Tissue distribution and
clearance of intravenously administered titanium dioxide (TiO2) nanoparticles. Nanotoxicology.
2014; 8:132-141. [PubMed: 23272772]

Takenaka S, Karg E, Roth C, Schulz H, Ziesenis A, Heinzmann U, Schramel P, Heyder J. Pulmonary
and systemic distribution of inhaled ultrafine silver particles in rats. Environ Health Perspect.
2001; 109 (Suppl 4):547-551. [PubMed: 11544161]

Thrall KD, Vucelick ME, Gies RA, Zangar RC, Weitz KK, Poet TS, Springer DL, Grant DM, Benson
JM. Comparative metabolism of carbon tetrachloride in rats, mice, and hamsters using gas uptake
and PBPK modeling. J Toxicol Environ Health A. 2000; 60:531-548. [PubMed: 10983521]

Tran CL, Kuempel ED, Castranova V. A rat lung model of exposure, dose, and response to inhaled
silica. Ann Occup Hyg. 2002; 46 (Suppl 1):14-17.

Tran, CL.; Graham, M.; Buchanan, D. [Accessed 8 Aug 2014] A Biomathematical Model for Rodent
and Human Lung Describing Exposure, Dose, and Response to Inhaled Silica. Institute of
Occupational Medicine Technical Memorandum. 2001. TM/01/01. OnlineAvailable at: http://
www.iom-world.org/pubs/IOM_TMO0104.pdf

U.S. EPA. IRIS Toxicological Review of Trichloroethylene (External Review Draft). US
Environmental Protection Agency; Washington, DC: 2009. OnlineAvailable at: http://
yosemite.epa.gov/sab/sabproduct.nsf/0/773DC7E8C5C1332D852574F200699A89/$File/
IRIS_TOX_REVIEW_TCE_ERD_APPENDICES-4.29.10.pdf [Accessed 8 Aug 2014]

van Ravenzwaay B, Landsiedel R, Fabian E, Burkhardt S, Strauss V, Ma-Hock L. Comparing fate and
effects of three particles of different surface properties: nano-TiO», pigmentary TiO, and quartz.
Toxicol Lett. 2009; 186:152—-159. [PubMed: 19114093]

Yang RSH, Chang LW, Yang CS, Lin P. Pharmacokinetics and physiologically-based
pharmacokinetic modeling of nanoparticles. J Nanosci Nanotechnol. 2010; 10:8482-8490.
[PubMed: 21121357]

Zhu H, Melder RJ, Baxter LT, Jain RK. Physiologically based kinetic model of effector cell
biodistribution in mammals: implications for adoptive immunotherapy. Cancer Res. 1996;
56:3771-3781. [PubMed: 8706023]

Zhu MT, Feng WY, Wang Y, Wang B, Wang M, Ouyang H, Zhao YL, Chai ZF. Particokinetics and
extrapulmonary translocation of intratracheally instilled ferric oxide nanoparticles in rats and the
potential health risk assessment. Toxicol Sci. 2009; 107:342-351. [PubMed: 19023088]

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.yrtph.
2015.06.019.

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2016 October 01.


http://www.iom-world.org/pubs/IOM_TM0104.pdf
http://www.iom-world.org/pubs/IOM_TM0104.pdf
http://yosemite.epa.gov/sab/sabproduct.nsf/0/773DC7E8C5C1332D852574F200699A89/$File/IRIS_TOX_REVIEW_TCE_ERD_APPENDICES-4.29.10.pdf
http://yosemite.epa.gov/sab/sabproduct.nsf/0/773DC7E8C5C1332D852574F200699A89/$File/IRIS_TOX_REVIEW_TCE_ERD_APPENDICES-4.29.10.pdf
http://yosemite.epa.gov/sab/sabproduct.nsf/0/773DC7E8C5C1332D852574F200699A89/$File/IRIS_TOX_REVIEW_TCE_ERD_APPENDICES-4.29.10.pdf
http://dx.doi.org/10.1016/j.yrtph.2015.06.019
http://dx.doi.org/10.1016/j.yrtph.2015.06.019

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sweeney et al.

Olfactory deposition (VI, DEPO) ,-eemmmmeeemeeeeeieeee, '

"7 Inhalation Exposure

Upper airways

(C_inh) (ug/m?)

Fig. 1.

id iti :
i = BlRINE Alveolar deposition
i (VI, Depu) (VI, Depa) |
_| Olfactory v b, Dep :
| Region Upper B
] ' Airways kd;
koi .. kuj...AM-mediated | AM kkr] poo
ivinjection ! clearance(kt) Alveolar Region
o BT
: (ol ol
: Q4 Nodes
Gut LG Gl tissue
contents (Vtisa)
. kK44
_ -
SGle K35 Liver (Vtis3) a3
A
Q3+Q4+Q7

Spleen (Vtis7)

[eart s 26— |
Others (Vtis9) Q3

Brain (Vtis8)

(uanp) poojg snouap
(31ep) booig |eldy

x

x

H

e : Translocation across

Translocation from olfactory lobe (kB)  plood-brain barrier

Structure of rat nanoparticle PBPK model.

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2016 October 01.

Page 17



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sweeney et al.

Q3+Q4+Q7 L Q3+Q4+Q7
“tovenous | Capillaries [~ From arterial
blood [ T ———————————————————————————————————————— blood, GI
|, Q@3+Q4+Q7, lambda 31, lambda32 capillaries,
. Lambda 35, Tissue (“free” particles) and spleen
Qbile, to GI kappa33 capillaries
contents 7
Sequestered
| kappa334
v
Eliminated

Fig. 2.
Details of liver compartment structure and processes.

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2016 October 01.

Page 18



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sweeney et al.

AlLungTot (Semmler et al., 2004)

AKidTot (Semmler et al., 2004)
01 —

Amount in kidneys (micrograms)

Amount in lung + LN (micrograms)

10

0.01

0.001 |-

0.0001 -

0.00001

01 -+

AFeces (Semmler et al., 2004)

Amount excreted in feces
(micrograms)

0 50 100 150 200 0 50 100 150 200

Time after start of exposure (days) Time after start of exposure (days)

AlLiverTot (Semmler et al., 2004)

!
0.001 | *®
1]

Amount in liver (micrograms)

0.0001

0 50 100 150 200
Time after start of exposure (days)

Time after start of exposure (days)

Fig. 3.

Page 19

ABrTot (Semmler et al., 2004)

Amount in brain (micrograms)

0.1

0.001

0.0001 ’ :

0.00001

0.000001

0 50 100 150 200
Time after start of exposure (days)

ASplTot (Semmler et al., 2004)

Amount in spleen (micrograms)

0.1

0.01

0.001

0.0001

0.00001
0

50 100 150 200
Time after start of exposure (days)

Disposition of iridium nanoparticles in rats exposed via a single intratratracheal intubation
inhalation at 0.7 mg/m?3 for 60-100 min. M Mean value of experimental data (Semmler et
al., 2004; Semmler-Behnke et al., 2007; n = 8 up through day 59; n = 4 after day 59). Lines:
PBPK model Monte Carlo simulations. Solid lines: median; dashed lines: 16th and 84th

percentiles; black: SK analysis; gray: SKL analysis.
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ALungTot (Kreyling et al., 2002, 2009)
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AFeces (Kreyling et al., 2002, 2009)
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Disposition of iridium nanoparticles in rats exposed via a single intracheal tubation
inhalation at 0.2 mg/m3 for 60-100 min. Symbols: mean experimental data of Kreyling et al.
(2002, 2009); error bars not shown (fractional excretion and retention were reported
graphically in the original data; the following coefficients of variation were estimated from
the figures: 0.11 (lung), 0.14 (feces), 0.34 (brain), 0.44 (kidneys), 0.36 (liver), 0.44 (spleen),
0.31 (heart), 1.03 (blood), and 0.18 (skeleton). Lines: PBPK model Monte Carlo
simulations; solid lines—median; dashed lines—16th and 84th percentiles; black—SK
analysis; gray—SKL analysis.
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Sensitivity analysis: brain
(Semmler et al., 2004)
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o
o

Fig. 5.
Rank correlation coefficient for optimized parameters and brain concentration at 0.25, 7, 21,

or 170 days (from left to right, within each cluster) after inhalation exposure to iridium
nanoparticles (Semmler et al., 2004; Semmler-Behnke et al., 2007). Only parameters with |
rank correlation| >0.2 for at least one sample time are shown.

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sweeney et al.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0% T T T |
6 hrs 7 days 21 days 170 days
Fig. 6.

Page 22

other
m Ink44
M Ink46
B Ink834
® [nk83
N InA81

Contributions of various parameters to variability in Monte Carlo-derived population
simulations of nanoparticle concentrations in the brain in rats exposed to iridium by

inhalation (per Semmler et al., 2004; Semmler-Behnke et al., 2007).
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Sensitivity Analysis: lung
(Semmler et al., 2004
1
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Fig. 7.

Page 23

W6 hrs

7 days
m 21 days
M 170 days

Rank correlation coefficient for optimized parameters and lung burden at 0.25, 7, 21, or 170
days after inhalation exposure to iridium nanoparticles (Semmler et al., 2004; Semmler-
Behnke et al., 2007). Only parameters with |rank correlation| >0.2 for at least one sample

time are shown.
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Sensitivity analysis: feces
(Semmler et al., 2004)
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Fig. 8.
Rank correlation coefficient for optimized parameters and cumulative excretion in feces at

0.25, 7, 21, or 170 days after inhalation exposure to iridium nanoparticles (Semmler et al.,
2004; Semmler-Behnke et al., 2007). Only parameters with |rank correlation| >0.2 for at
least one sample time are shown.
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Table 2

Fixed model parameters.

Value

Anatomical parameters (MacCalman and Tran, 2009; MacCalman et al., 2009)

Volume inhaled, L/min (V1) 0.18 (default)
Liver tissue volume, ml (Vtisz) 10.3
Liver capillary blood, fraction of liver tissue volume (Vcapsc) 0.06
Gl tissue volume, ml (Vtisy) 6.0

Gl capillary blood, fraction of Gl tissue volume (Vcapyc) 0.0265
Kidney tissue volume, ml (Vtiss) 1.2
Kidney capillary blood, fraction of kidney tissue volume (Vcapsc) 0.13
Heart tissue volume, ml (Vtisg) 1.2
Heart capillary blood, fraction of heart tissue volume (Vcapec) 0.1
Spleen tissue volume, ml (Vtis7) 0.6
Spleen capillary blood, fraction of spleen tissue volume (Vcapgc) 0.1
Brain tissue volume, ml (Vtisg) 1.2
Brain capillary blood, fraction of brain tissue volume (Vcapgc) 0.033
Venous plasma volume (Vven) 5.6
Arterial plasma volume (Vart) 11.3

Other tissues capillary blood, fraction of other tissues volume (Vcapgc) 0.1

Cardiac output, ml/day (QC) 1,201,200
Blood flow to liver (hepatic artery only), mi/day (Qz) 2523
Blood flow to Gl tissue, ml/day (Q,) 16,704
Blood flow to kidneys, ml/day (Qs) 13,248
Blood flow to heart tissue, ml/day (Qg) 5616
Blood flow to the spleen, mi/day (Q7) 864
Blood flow to the brain, mi/day (Qg) 1872

Bile output, ml/day (Qbile) (RIVM, 2010) 20

Fecal elimination rate, day~! (population mean) (Enck et al., 1989) 8.2

Alveolar region parameters (Tran et al., 2002)

Macrophage clearance rate, per day (kt) 0.015
Macrophage phagocytosis rate, per day (kr) 4.0
Macrophage death rate, per day (kd) 0.033
Interstitialization rate, per day (ki) 35
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Table 4

Discrepancies between model predictions and experimental data of Semmler et al. (2004) and Semmler-
Behnke et al. (2007).

Matrix (n)  Geometric mean discrepancy indexP

S Analysis  SK analysis  SKL analysis

Lung (20) 1.2 1.2 1.2
Feces (22) 1.0 11 11
Brain (4) 1.7 1.9 25
Kidney 5) 1.6 17 1.9
Liver (5) 2.0 44 35
Spleen (6) 25 3.2 3.1
All (63) 13 15 15

a . . - .
n = number of experimental data points for a specific matrix.

bDiscrepancy index = maximum of predicted value/measured value or predicted/measured value. Perfect agreement would have a discrepancy
index of 1. Agreement considered acceptable if the discrepancy is, on average, <2 (IPCS, 2010).
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Table 5

Discrepancies between model predictions and experimental data of Kreyling et al. (2002, 2009).

Matrix (n)& Geometric mean discrepancy indexP
SK analysis SKL analysis
Lung (4) 11 11
Feces (6) 12 11
Brain (1) 1.0 3.8
Kidney (1) 21 9.9
Liver (4) 1.9 1.8
Spleen (1) 11 25
Heart (1) 1.0 6.1
Venous blood (1) 1.3 2.0
Other tissues (4) 5.1 15
All (23) 1.6 17

a . . . .
n = number of experimental data points for a specific matrix.

bDiscrepancy index = maximum of predicted value/measured value or predicted/measured value. Agreement considered acceptable if the
discrepancy is, on average, <2 (IPCS, 2010).
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Table 6

Discrepancies between model predictions and experimental data of Lankveld et al. (2002 ,2009).

Matrix (n)& Geometric mean discrepancy indexP
SKL analysis
Lung (7) 10
Brain (7) 16
Kidney (7) 5.4
Liver (7) 2.2
Spleen (7) 9.0
Heart (7) 6.1
Venous blood (5) 15
All (47) 5.9

a . . - .
n = number of experimental data points for a specific matrix.

bDiscrepancy index = maximum of predicted value/measured value or predicted/measured value. Agreement considered acceptable if the
discrepancy is, on average, <2 (IPCS, 2010).
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