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Abstract

Nanoparticles (NPs) are widely used in various fields of nanomedicine. A systematic
understanding of NP pharmacokinetics is crucial in their design, applications, and risk
assessment. In order to integrate available experimental information and to gain insights into
NP pharmacokinetics, a membrane-limited physiologically based pharmacokinetic (PBPK)
model for polyethylene glycol-coated gold (Au) NPs (PEG-coated AuNPs) was developed in
mice. The model described endocytosis of the NPs in the liver, spleen, kidneys, and lungs and
was calibrated using data from mice that were intravenously injected with 0.85 mg/kg 13 nm
and 100 nm PEG-coated AuNPs. The model adequately predicted multiple external datasets for
PEG-coated AuNPs of similar sizes (13–20 nm; 80–100 nm), indicating reliable predictive
capability in suitable size ranges. Simulation results suggest that endocytosis of NPs is time and
size dependent, i.e. endocytosis of larger NPs occurs immediately and predominately from the
blood, whereas smaller NPs can diffuse through the capillary wall and their endocytosis appears
mainly from the tissue with a 10-h delay, which may be the primary mechanism responsible for
the reported size-dependent pharmacokinetics of NPs. Several physiological parameters (e.g.
liver weight fraction of body weight) were identified to have a high influence on selected key
dose metrics, indicating the need for additional interspecies comparison and scaling studies
and to conduct pharmacokinetic studies of NPs in species that are more closely related to
humans in these parameters. This PBPK model provides useful insights into the size, time, and
species dependence of NP pharmacokinetics.
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Introduction

Gold (Au) nanoparticles (NPs) are widely used in various fields of
nanomedicine, including as medicinal or diagnostic agents for
tumors or rheumatoid arthritis, and potentially as carriers for the
delivery of drugs, oligonucleotides, and peptides (Arvizo et al.,
2012). Their widespread use results in intentional high-dose
exposure for diagnostic or therapeutic purposes, and may increase
the likelihood of unintentional exposure during the manufacturing
process and in the environment (Khlebtsov & Dykman, 2011).

Animal studies show that AuNP exposure results in acute
inflammation in the liver (Cho et al., 2009a), changes in the
expression of genes involved in regulating the cell cycle,
apoptosis, inflammation, oxidative stress, and metabolism in the
liver and spleen (Balasubramanian et al., 2010; Cho et al., 2009b;
Geffroy et al., 2012). The degree of toxicity of AuNPs is
associated with their pharmacokinetics and target organ dosim-
etry, which depends on surface coating, dose, size, and species

(Landsiedel et al., 2012; Lin et al., 2015; Riviere, 2009). In order
to properly assess the potential toxicity of AuNPs, it is crucial to
have a comprehensive quantitative tool that can predict the
pharmacokinetics of various types of AuNPs in different species.

One approach that can be used to integrate available
pharmacokinetic data of AuNPs and, hence gain deeper insights
into the target tissue dosimetry and species differences is
physiologically based pharmacokinetic (PBPK) modeling
(Li et al., 2010). PBPK models have been commonly developed
for drugs to help in the design of therapeutic regimens (Jones
et al., 2013; Lin et al., 2015), to aid predictive risk assessment for
environmental toxicants (Andersen et al., 1987; Fisher et al.,
2011; Lin et al., 2013), as well as to predict drug withdrawal time
in food-producing animals (Buur et al., 2008; Leavens et al.,
2014). In the field of nanomedicine, researchers have begun to
employ PBPK models to simulate the pharmacokinetics of NPs,
including quantum dots (Lee et al., 2009; Lin et al., 2008), carbon
(Pery et al., 2009), silver (Bachler et al., 2013; Lankveld et al.,
2010), titanium dioxide (Bachler et al., 2014), polyacrylamide
(Li et al., 2014), poly(lactic-co-glycolic) acid (Li et al., 2012)
NPs, and gold/dendrimer composite nanodevices (Mager et al.,
2012). These models greatly improve our understanding of the
pharmacokinetics of NPs; some of these models have been
extrapolated to humans and proved to be helpful in risk
assessment (Bachler et al., 2013, 2014). PBPK models have not
yet been reported for AuNPs. Among the available nine published
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models, only three of them attempt to simulate the endocytosis
of NPs (Bachler et al., 2013, 2014; Li et al., 2014), a key
process affecting their biodistribution. Size dependence of
endocytosis has not been assessed. Additionally, although valid-
ation with external datasets is an important aspect for developing
reliable PBPK models, only three of the available models
have been validated thus far (Bachler et al., 2013, 2014; Li
et al., 2012).

In order to improve our understanding of the pharmacokin-
etics of AuNPs and considering the above-mentioned data gaps,
the objective of this study was to develop a PBPK model for
PEG-coated AuNPs. PEG-coated AuNPs were selected because
PEG coating is one of the most commonly used surface
modifications for NPs. Systemic organ toxicity of PEG-coated
AuNPs with varied sizes has been reported (Cho et al.,
2009a,b). Pharmacokinetic data of PEG-coated AuNPs of
different sizes (4–100 nm) in rodents are available (Cho
et al., 2009a, 2010; Liu et al., 2013; Zhang et al., 2009).
These multiple datasets made it possible to assess the role of
particle size in cellular uptake and biodistribution of AuNPs,
and to evaluate the model with independent data not used in
the model calibration.

Methods

Data source for model calibration

The PBPK model was calibrated with the experimental data
from Cho et al. (2010). Briefly, 6-week old male BALB/c mice
were injected in the tail vein with 100mL (0.85 mg/kg) of
PEG-coated AuNPs (4 nm, 13 nm, or 100 nm). At 0.5, 4, 24,
168 h, 1, 3, and 6 months after injection, animals (n¼ 9 each
time point in each group) were sacrificed and their plasma and
tissue (e.g. liver, spleen, kidneys, and lungs) samples were
collected and analyzed for Au concentrations with inductively
coupled plasma-mass spectroscopy (ICP-MS). Data were
extracted using the WebPlotDigitizer (version 2.6, Austin, TX,
http://arohatgi.info/WebPlotDigitizer/). The 13 nm and 100 nm
datasets were used to calibrate the models for smaller and larger
AuNPs, respectively. The 4 nm dataset was not modeled because
there are no independent data of similar sizes for validation. The
present model focused on data up to 7 d after injection because
there are sufficient short-term kinetic data to develop a reliable
PBPK model and the information about the long-term kinetics of
AuNPs is very limited. In order to inform long-term kinetic and
PBPK modeling studies, preliminary long-term kinetic simula-
tions up to 6 months post-exposure in Cho et al. (2010) were
performed and are discussed in the Supporting material.

Model structure

The model structure was based on published NP PBPK models
(Bachler et al., 2014; Li et al., 2014) and on the extractable data
from Cho et al. (2010). It consisted of seven compartments:
plasma (or blood), liver, spleen, kidneys, lungs, brain, and rest of
body (Figure 1). As shown in other NP PBPK models, the
biodistribution of AuNPs was assumed to be governed by two
processes: (1) the ability to cross the capillary membrane of the
organs and (2) to be taken up via endocytosis (Bachler et al.,
2013, 2014). The transportation of AuNPs from the blood to the
tissue compartments was described with both perfusion-limited
(also termed flow-limited) and membrane-limited (also termed
diffusion-limited) models. Simulation results using different
modeling approaches were compared to decide the final model
structure.

The parameter ‘‘distribution coefficient’’ was used to account
for the uneven distribution of AuNPs between interstitial fluid and

plasma in each organ. Inclusion of this parameter was necessary
because the composition of AuNP-protein biocorona differs due to
different protein compositions between these two locations
(Li et al., 2014; Nel et al., 2009). In support of our approach,
the majority of available NP PBPK models also included this
parameter (Li et al., 2012, 2014; Lin et al., 2008). However, some
of these models termed this parameter as the ‘‘partition coeffi-
cient’’ (Li et al., 2012, 2014), which is a parameter commonly
used in PBPK models for small molecules. It should be noted that
the ‘‘partition coefficient’’ represents the ratio of concentrations
of a dissolved compound between two phases at thermodynamic
equilibrium. Unlike small molecules, NPs do not form solutions,
but colloidal dispersions, which are thermodynamically unstable,
and thus are not applicable to ‘‘partition coefficient’’ (Praetorius
et al., 2014). Therefore, the authors used the term ‘‘distribution
coefficient’’ in the present model. Further discussion on the role
of ‘‘distribution coefficient’’ in the NP PBPK modeling can be
found in the Supporting material.

The authors used the term ‘‘endocytosis’’ as an operational
term to represent different cellular uptake mechanisms of NPs,
including phagocytosis (actin-dependent, ‘‘professional’’ endo-
cytosis), macropinocytosis (receptor-independent), and receptor-
mediated (clathrin-, caveolin-, and raft-dependent) endocytosis
(Dykman & Khlebtsov, 2014). Another term ‘‘phagocytosis’’ was
used to present these cellular uptake processes in several recently
published NP PBPK models (Bachler et al., 2013, 2014; Li et al.,
2014), but the authors contend that ‘‘endocytosis’’ is a more
representative term as it also includes professional phagocytosis.
In addition, we used ‘‘phagocytic cells (PCs)’’ as an operational
term for a wide variety of cells that can engulf NPs, including
those that other investigators have called reticuloendothelial
system cells (Cho et al., 2010), mononuclear phagocyte system
cells (Bachler et al., 2014), or organ-specific cells, such as liver
Kupffer cells, splenic macrophages, lung macrophages, and
kidney mesangial cells (van Furth et al., 1972). Hence, a sub-
compartment of PCs was included in organs where these cells are
primarily located (i.e. liver, spleen, kidneys, and lungs). Available
biological evidence suggests that NPs can be taken up via
multiple endocytic pathways (Canton & Battaglia, 2012; Dykman
& Khlebtsov, 2014). From the computational perspective, the
authors classified these pathways into two general pathways based
on the cellular location of cellular uptake: (1) directly from the
blood to endothelial cells or macrophages located at the tissue
capillary blood vessels, and (2) if the size is smaller than the
upper limits of pore size of capillary walls, diffused into tissue
and further taken up by tissue macrophages (Dykman &
Khlebtsov, 2014). However, it will substantially increase the
model’s complexity and uncertainty if we simulate two uptake
pathways because there are no sufficient data granular enough to
separate out mechanisms and to validate this approach. Therefore,
based on the approaches used in existing NP PBPK models, we
tried to describe endocytosis of 13 nm and 100 nm AuNPs either
from the blood (Bachler et al., 2014) or from the tissue (Li et al.,
2014). We found that for 13 nm NPs, it is better to describe
endocytosis from the tissue pathway (Figure 1A), while it is more
appropriate to simulate endocytosis of 100 nm NPs from the blood
pathway (Figure 1B). This model can be easily modified to
integrate both uptake pathways once additional data become
available.

Metabolism of PEG-coated AuNPs was considered negligible
for the time-scale of this study because of their reported
high stability both in vivo and in vitro (Manson et al., 2011;
Zhang et al., 2009). Dissolution was not considered because there
is no evidence of AuNP dissolution in the body (Lin et al., 2015).
Excretion was through both biliary and urinary pathways based on
the experimental data (Cho et al., 2010).

2 Z. Lin et al. Nanotoxicology, Early Online: 1–11
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Main mathematical description of the model

Endocytosis of NPs was described with both a linear equation and
the Hill function. Simulation results using different approaches
were compared. More accurate predictions were obtained with the
Hill function and it was used in the final model as shown in the
following equation:

Kup t ¼
Kmax t � Tnt

Knt

50 t þ Tnt
ð1Þ

where T (h) is the simulation time, Kup t (per h) is the uptake rate
parameter of NPs by PCs in the organ t at a particular time T,
Kmax t (per h) is the maximum uptake rate parameter in the organ
t, K50 t (h) is the time reaching half of Kmax t, and nt (unitless) is
the Hill coefficient.

The rate of change in the amount of AuNPs in the PCs equals
the uptake rate from the tissue for 13 nm NPs (or from the blood
for 100 nm NPs) minus the release rate from PCs back to the
tissue (or blood). The actual uptake rate (mg/h) depends on the
amount that is available for uptake and the rate parameter as a
function of exposure time. For example, the equation describing
these processes for 13 nm NPs is shown in the following equation:

Rup t ¼ Kup t � Atissue t ð2Þ

Rrelease t ¼ Krelease t � Apc t ð3Þ

Rpc t ¼ Rup t � Rrelease t ð4Þ

where Rup t (mg/h) is the uptake rate of the NPs from the tissue
to PCs in the organ t, Kup t (per h) is the uptake rate parameter
of the NPs, Atissue t (mg) is the amount of the NPs in the tissue

sub-compartment in the organ t, Rrelease t (mg/h) is the release rate
of the NPs from PCs to the tissue, Krelease t (per h) is the release
rate constant of the NPs, Apc t (mg) is the amount of the NPs in
the PCs in the organ t, and Rpc t (mg/h) is the rate of change in the
mass of the NPs in the PCs.

In a membrane-limited model, each compartment contains
both a vascular space and a tissue space, each of which should be
described separately. As mentioned before, the mass transfer
between the two sub-compartments was modeled on the basis of
two primary kinetic processes, i.e. the ability of AuNPs to diffuse
across the capillary wall of the organs and the extent of
endocytosis from the tissue (or blood). For instance, the equations
simulating these processes for 13 nm AuNPs are shown in the
following equation:

Rblood t ¼ Qt � ðCa � CVtÞ � PAt � CVt þ ðPAt � Ctissue tÞ=Pt

ð5Þ

Rtissue t ¼ PAt � CVt � ðPAt � Ctissue tÞ=Pt � Rup t þ Rrelease t

ð6Þ

where Rblood t (mg/h) is the rate of change in the amount of the
NPs in the capillary blood sub-compartment of the organ t, Qt

(L/h) is the blood flow to the organ t, Ca (mg/L) is the
concentration of the NPs in the arterial blood (or plasma), CVt

(mg/L) is the concentration of the NPs in the venous blood of the
organ t, PAt (L/h) is the permeability area cross product between
the capillary blood and the tissue of the organ t (PAt is
approximated as the product of permeability coefficient between
capillary blood and tissue [PACt: unitless] and regional blood
flow [Qt: L/h]), Ctissue t (mg/L) is the concentration of the NPs in

Figure 1. Schematic diagram of the PBPK models for 13 nm and 100 nm PEG-coated gold nanoparticles (AuNPs). PCs represent ‘‘phagocytic cells’’.
This is our operational term for a wide variety of phagocytic cells, including what other investigators have called reticuloendothelial system cells,
mononuclear phagocyte system cells, or organ specific cells, such as Kupffer cells in the liver, splenic macrophages, mesangial cells in the kidneys, etc.
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the tissue sub-compartment, Pt (unitless) is the tissue:plasma
distribution coefficient for the organ t, and Rtissue t (mg/h) is the
rate of change in the mass of the NPs in the tissue sub-
compartment.

Equations describing the kinetics of 100 nm AuNPs in the
organ and other key equations are provided and explained in the
Supporting material. The PBPK model was coded using the acslX
version 3.0.2.1 (Aegis Technologies Group, Inc., Huntsville, AL).
The model code in CSL file is provided in the Supporting
material.

Model parameterization

All physiological parameter values were from the literature and are
given in Table S1 (Supporting material). NP-specific parameters
were estimated by using both the Nelder–Mead maximum log
likelihood estimation method in acslX (AEgis Technologies
Group, Inc, Huntsville, AL) and a manual approach to obtain a
visually reasonable fit to the experimental data. The following
parameters were optimized: elimination rate constants for the liver
and kidney, distribution coefficients and permeability coefficients,
and endocytosis-related parameters. Parameter values for different
types of NPs are usually different in PBPK models, but in order to
create the most parsimonious model it is recommended to use a
minimum number of estimated parameters or to apply a generic
value for different parameters (Li et al., 2014). Therefore, in the
present model, endocytosis-related parameters for each size
(13 nm or 100 nm) were optimized separately against respective
datasets (Cho et al., 2010) because these parameters were
determined to be the most influential in the kinetics of NPs,
while other less influential parameters, such as the distribution and
permeability coefficients, were kept the same between the 13 nm
and 100 nm models, unless it was required to explain the kinetics
in a particular compartment. Values of all NP-specific parameters
are listed in Table 1. More details regarding the step-by-step
parameterization process refer to the Supporting material.

Model evaluation with independent data

The predictive capability of the 13 nm and 100 nm models was
evaluated with four and one external datasets, respectively, for

PEG-coated AuNPs of similar sizes that were not used in the
model parameterization (Cho et al., 2009a; Liu et al., 2013; Zhang
et al., 2009) (Table S2, Supporting Material). The criteria of a
validated model were based on World Health Organization
(WHO) guidelines (WHO, 2010), namely if the simulations
were generally within a factor of two of the experimental values,
the model was considered reasonable. The overall goodness-of-fit
between predicted and measured values was further analyzed with
linear regression.

Sensitivity and uncertainty analyses

The impact of parameter uncertainty on model outputs was
evaluated semiquantitatively based on the approach used in
Teeguarden et al. (2005). First, we conducted normalized
sensitivity analyses to identify highly influential parameters by
examining the effects of 1% change of each parameter (p) on key
dose metrics, including area-under-the-concentration curve
(AUC) in the plasma, liver, and spleen, using the following
equation:

NSC ¼ dAUC=AUC

dp=p
ð7Þ

The normalized sensitivity coefficients (NSCs) were calcu-
lated for both 13 nm and 100 nm AuNPs to compare the difference
between sizes, and for both 24 h and 168 h to capture the earlier
and later kinetic phases, respectively. We also performed local
sensitivity analyses by multiplying each highly influential
parameter by a factor of 2 or 0.5 and compared the predicted
concentrations of AuNPs in a given compartment (e.g. liver) over
time (Li et al., 2014). Next, the uncertainty of model parameters
with high impacts (i.e. |NSC| � 0.5) on at least one of the selected
dose metrics was evaluated qualitatively based on the following
criteria (Teeguarden et al., 2005):
� Low (L): data were directly available for the parameter in the

correct species or verified through successful use in published
PBPK models.

� Medium (M): scaled value from a different species with a high
possibility that scaling holds across the species.

� High (H): data were not directly available from the parameter.
Appropriate assumptions had to be made.

Table 1. Nanoparticle-specific parameters used in the PBPK model for 13 nm and 100 nm PEG-coated gold nanoparticles.

Parameter (unit) Description Size (nm) Liver Spleen Kidneys Lungs Brain Rest of body

Pt (unitless)a Tissue:plasma distribution coefficient 13 0.08 0.15 0.15 0.15 0.15 0.15
100 0.08 0.15 0.15 0.15 0.15 0.15

PACt (unitless)b Permeability coefficient 13 0.001 0.03 0.001 0.001 0.000001 0.000001
100 0.001 0.001 0.001 0.001 0.000001 0.000001

Kmax_t (h�1)c Maximum uptake rate constant of phagocytic cells 13 20 40 0.075 0.075 NA NA
100 4 10 0.1 0.1 NA NA

K50_t (h)c Time for reaching half maximum uptake rate 13 48 48 24 24 NA NA
100 24 24 24 24 NA NA

nt (unitless)c Hill coefficient 13 5 5 5 5 NA NA
100 0.1 0.1 0.1 0.1 NA NA

Krelease_t (h�1)c Release rate constant of phagocytic cells 13 0.001 0.001 0.0004 0.003 NA NA
100 0.0075 0.003 0.01 0.005 NA NA

Kbile or Kurine (L/h)b Biliary or urinary excretion rate constant 13 0.00003 NA 0.000003 NA NA NA
100 0.0012 NA 0.00012 NA NA NA

NA, not applicable; PEG, polyethylene glycol.
aValues obtained from the PBPK model for PEG-coated polyacrylamide nanoparticles (Li et al., 2014) except for the liver, which was further optimized

by visually fitting to the measured concentration data in the liver from Cho et al. (2010).
bValues were from Li et al. (2014) except for the brain and the rest of body. The latter was estimated, together with Kbile and Kurine, by visually fitting to

the measured concentration in the plasma from Cho et al. (2010). The value for the brain was set the same as the rest of body. Another exception is the
permeability coefficient in the spleen for the 13 nm gold nanoparticles, which had to be increased to fit the measured high concentrations in the spleen
from Cho et al. (2010).

cThese parameters were estimated by visually fitting to measured concentrations in respective organs from Cho et al. (2010). For a detailed description
of the step-by-step parameterization, refer to Section 2 in the Supporting material.

4 Z. Lin et al. Nanotoxicology, Early Online: 1–11
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Results

Model development and calibration

Both perfusion-limited and membrane-limited models were
constructed to determine which was the better model to simulate
the pharmacokinetics of different size PEG-coated AuNPs. It was
found that both models adequately simulated the 100 nm dataset,
but the membrane-limited model performed much better than the
perfusion-limited model for the 13 nm AuNPs (Table S3,
Supporting Material). To use a consistent model structure for
varied sizes of AuNPs, the membrane-limited model was chosen
as the final model.

Membrane-limited model predictions of concentrations of
different sizes of AuNPs in various tissues were compared with
the experimental data from Cho et al. (2010) (Figure 2). The model
accurately predicted the measured concentrations of 13 nm AuNPs
in the plasma, liver, spleen, kidneys, and lungs at all time points.
Also, it properly predicted most of the data for 100 nm AuNPs in
the plasma, liver, spleen, kidneys, and lungs, except for a slight
(�2-fold) overestimation of the concentrations in the plasma, liver,
and spleen at 4 h after injection (Figure 2). The overall regression
coefficient between measured and predicted data is R2¼ 0.97
(Figure S1, Supporting Material), suggesting high goodness-of-fit
of model calibration results. However, despite the adequate overall
predictions, it should be noted that the model predicted a rapid
increase followed by a rapid decrease of plasma concentrations of
100 nm AuNPs within 4 h after injection. However, there is a lack
of experimental data at this early time point to confirm this, which
requires further experiments to either validate this prediction or
revise the model accordingly.

Model evaluation with independent data

The validity of the 13 nm PBPK model was first evaluated with
data from Cho et al. (2009a) where mice were injected
intravenously (iv) with 13 nm PEG-coated AuNPs (0.85 or
4.26 mg/kg). As shown in Figure 3 for the 0.85 mg/kg dataset,
the model accurately predicted the concentrations in plasma and
the amounts in spleen, and slightly underestimated (52-fold) the
amounts in liver. A similar precision was obtained when
comparing model simulations with the 4.26 mg/kg dataset
(Figure S2, Supporting material), indicating that the 13 nm
model can simulate the pharmacokinetics of PEG-coated AuNPs
at an acceptable accuracy across the dose range between 0.85 and
4.26 mg/kg.

To further evaluate the applicable size domain of the 13 nm
model, model simulations were compared with other experimental
data for similar sizes of PEG-coated AuNPs. Zhang et al. (2009)
injected 111In-labeled 20 nm PEG-coated AuNPs iv to healthy
(blood pharmacokinetics) or tumor-bearing mice (tissue distribu-
tion). Liu et al. (2013) exposed tumor-bearing mice to 16 nm
PEG-coated AuNPs via iv injection. Compared with the data from
Zhang et al. (2009), the model successfully predicted the
concentrations in liver and kidneys, but somewhat underestimated
(�1.5-fold) the concentration in the blood and overestimated the
spleen concentration by �10-fold (Figure S3, Supporting mater-
ial). Additionally, the concentrations in the spleen, kidneys, and
lungs from Liu et al. (2013) were predicted adequately by the
model, but the blood levels were slightly overestimated (�2-fold),
and the liver concentrations were underestimated by �3-fold
(Figure S4, Supporting material). It should be noted that this
model was calibrated with plasma data from healthy mice,
whereas Zhang et al. (2009) and Liu et al. (2013) both measured
the concentrations in the blood. It was shown that the concen-
trations of Au in the red blood cells and serum were different in
mice after iv injection with 198Au-radiolabelled mono-sulfonated
triphenylphosphine-stabilized AuNPs and this difference was size
dependent (Hirn et al., 2011). Therefore, the slight underestima-
tion or overestimation of blood concentrations may be due to
differential retention of different sizes of AuNPs between red
blood cells and plasma. In addition, the overestimation of spleen
concentration and underestimation of liver concentration may be
attributable to the differences in the animal (healthy versus tumor-
bearing mice) and/or the type of AuNPs (13 nm versus 16 nm or
20 nm, non-radiolabelled versus radiolabelled).

The 100 nm model simulations were compared with the
experimental data from Zhang et al. (2009) who iv injected
111In-labeled 80 nm PEG-coated AuNPs to healthy or tumor-
bearing mice (Figure 3). The model precisely predicted the blood
kinetics at earlier time points (�1 h), but underestimated it at the
later time points (�2 h) after injection. The liver and spleen levels
were underestimated by the model, but the difference was very
minor (�2-fold) and is considered acceptable according to the
WHO model validation criteria (WHO, 2010). This slight
underestimation may also be due to the differences in the
animal and/or the size of AuNPs, as explained above.

Overall, there was a good correlation (R2¼ 0.85) between
model estimates and selected experimental data for model
evaluation (Figure S5, Supporting material), indicating that the
present 13 nm PBPK model is applicable to the size range from

Figure 2. PBPK model calibration results with the data from Cho et al. (2010). Symbols represent measured concentrations (means ± SD) of (A) 13 nm
or (B) 100 nm PEG-coated gold nanoparticles (AuNPs) in the plasma, liver, spleen, kidneys, and lungs of healthy mice after iv injection (0.85 mg/kg).
Solid lines represent model predictions.
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13 nm to 20 nm, and the 100 nm model has a suitable size range of
80–100 nm.

Model application: predictions of endocytic rates of
different sizes of nanoparticles

The model-derived estimates of endocytic rates for 13 nm and
100 nm AuNPs in the liver and spleen of mice after iv injection
(0.85 mg/kg) are shown in Figure 4. Endocytosis of the 100 nm
AuNPs occurred immediately following injection, whereas endo-
cytosis of the 13 nm AuNPs was delayed by �10 h, probably due
to delayed activation of PCs by small sizes of AuNPs. The
endocytic rates for 13 nm AuNPs were lower (�18-fold in the
liver and �3-fold in the spleen) than those for 100 nm AuNPs.

Sensitivity and uncertainty analyses

Physiological and NP-specific parameters that had significant
influence on selected key dose metrics are shown in Table 2.
Body weight (BW) and plasma volume fraction (VplasmaC) had a
high impact on all selected dose metrics regardless of the NP size
or time frame of the study. On the other hand, cardiac output
(QCC) greatly influenced the dose metrics of 13 nm, but not
100 nm, AuNPs. In addition, vascular space in the liver (BVL) had
minimal effects on all dose metrics of 13 nm NPs, but it greatly
affected liver dose metrics of 100 nm NPs during both earlier and
later phases of the study. Similarly, vascular space in the spleen
(BVS) considerably impacted spleen dose metrics of 100 nm NPs
throughout the 168 h simulation period, and it also affected the
spleen dose metric of 13 nm NPs during the later phase, but not
the earlier phase. These data suggest that certain physiological
parameters play an important role in the pharmacokinetics of
AuNPs.

Similar to physiological parameters, the sensitivity of NP-
specific parameters on the pharmacokinetics of AuNPs depends
on the NP size and the time (Table 2). Specifically, distribution
coefficient in the liver (PL) had a high impact on the 24 h liver

AUC for 13 nm AuNPs, but had minimal effects on the 168 h liver
AUC. On the other hand, PL had no influence on all selected dose
metrics for the 100 nm AuNPs. Similar effects were observed for
the distribution coefficient in the spleen (PS). These results
suggest that the pharmacokinetics of 13 nm AuNPs is mainly
controlled by transcapillary transport during the earlier phase, but
is primarily regulated by endocytosis once it is activated during
the later phase. On the contrary, 100 nm AuNPs are primarily
regulated by endocytosis throughout the entire simulation period.

Among the three endocytosis-related parameters for each
organ t, Kmax t represents the maximum uptake rate, whereas
K50 t and nt determine the time and the extent of activation of
endocytosis, respectively. Our data showed that liver 24 h or 168 h
AUC for 100 nm AuNPs was highly sensitive to Kmax liver , but not
to the other two parameters, while liver 24 h or 168 h AUC for the
13 nm AuNPs were highly sensitive to K50 liver and nliver , but not
Kmax liver (Table 2). Similar effects of endocytosis-related param-
eters on spleen dose metrics were observed.

Local sensitivity analysis demonstrated that, among the highly
sensitive NP-specific parameters, K50 liver and nliver had the
greatest influence on the 13 nm model output (i.e. liver concen-
tration) and the effects were time dependent (Figure 5), while all
other parameters had time-dependent moderate impacts on the
model output. On the other hand, Kmax liver had the greatest impact
on the selected 100 nm model output, followed by Kbile, whereas
all other parameters had low impacts.

The uncertainty designation for all highly sensitive physio-
logical parameters and for PS was low, for PL it was medium,
whereas for endocytosis-related parameters and biliary clearance
rate it was high (Table 2).

Discussion

In the field of nanomedicine, there is a need to develop PBPK
models that can integrate available data to gain deeper insights
and make more definitive conclusions on the pharmacokinetics of

Figure 3. PBPK model evaluation results with the data from Cho et al. (2009a) and Zhang et al. (2009). Comparison of model predictions (solid lines)
versus measured concentrations in the plasma (A) or measured amounts in the liver (B) and spleen (C) of healthy mice after iv injection with 0.85 mg/
kg 13 nm PEG-coated gold nanoparticles (AuNPs) (Cho et al., 2009a), or versus measured concentrations (means ± SD) of 80 nm PEG-coated AuNPs
in the blood of healthy mice (D), or in the liver (E) and spleen (F) of tumor-bearing mice after iv injection (Zhang et al., 2009). The dose used in Zhang
et al. (2009) was set to be 2 mg/kg based on Khlebtsov & Dykman (2011).
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NPs since there are hundreds of isolated pharmacokinetic
experimental studies, but only a few integrating PBPK models
(Lin et al., 2015). The present study successfully developed a
PBPK model for different sizes of PEG-coated AuNPs in mice

after iv injection. This model has been validated with multiple
external datasets, indicating robust predictive capability. Besides
being the first PBPK model for PEG-coated AuNPs, the
mathematical description of endocytosis of NPs, the consideration
of size dependence, and the model structure are all novel within
the context of NP PBPK modeling.

Existing PBPK models simulate endocytosis of NPs using a
linear equation, assuming one uptake pathway, i.e. either from the
tissue (Li et al., 2014) or from the blood (Bachler et al., 2013,
2014), without considering size-dependent uptake. However, PCs
can clear particles either from the blood, lymph, or tissue and
endocytosis of NPs is dose and size dependent (Dykman &
Khlebtsov, 2014). The present model tested both uptake pathways
and assessed both the linear equation and the Hill function. We
found that a linear equation could not simulate the rapid increase
in the concentration of 13 nm PEG-coated AuNPs in the liver and
spleen at 7 d after iv injection. Therefore, we used the Hill
function to simulate NP endocytosis, which, we believe, is more
physiologically realistic, as multiple in vitro studies have shown
that uptake of NPs is saturable, and it is more appropriate to be
described using the Hill function (Dykman & Khlebtsov, 2014;
Zhang & Monteiro-Riviere, 2009; Zhang et al., 2011). PEG
coating is considered as a useful strategy in the design of long
circulating NPs because endocytosis of PEG-coated NPs might be
avoided (Bazile et al., 1995) or can be substantially decreased
(Dykman & Khlebtsov, 2014; Gref et al., 2000). It deserves
further investigation to compare the endocytic rates of PEG-
coated and non-PEG-coated AuNPs of similar sizes and doses
within a PBPK model. However, currently there are no sufficient
data that allow is to develop a PBPK model for non-PEG-coated
AuNPs (Lin et al., 2015). Our modeling strategy for endocytosis
of PEG-coated AuNPs can be extrapolated to other types of NPs,
including non-PEG-coated AuNPs.

It is important to note that for larger PEG-coated AuNPs
(80–100 nm), it is more appropriate to simulate endocytosis from
the blood; while for smaller PEG-coated AuNPs (13–20 nm),

Table 2. Normalized sensitivity coefficients (NSCs) and uncertainty designations (UNs) for highly influential parameters.

13 nm PEG-coated AuNPs 100 nm PEG-coated AuNPs

24 h 168 h 24 h 168 h

AUCCA AUCCL AUCCS AUCCA AUCCL AUCCS AUCCA AUCCL AUCCS AUCCA AUCCL AUCCS UN

Physiological parameters
QCC �0.74 �0.70 �0.73 �0.84 �0.69 �0.58 �0.37 �0.36 �0.37 �0.37 �0.36 �0.37 L
BW 0.46 0.47 0.50 0.60 0.92 0.63 0.95 0.95 0.94 1.07 1.08 1.06 L
VLC �0.18 �0.22 �0.18 �0.17 �0.54 �0.38 �0.26 �0.28 �0.27 �0.15 �0.18 �0.19 L
VplasmaC �1.11 �1.11 �1.10 �0.98 �0.90 �0.77 �0.91 �0.90 �0.90 �0.90 �0.89 �0.89 L
BVL �0.15 �0.13 �0.14 �0.04 0.37 0.01 �0.26 1.17 �0.27 �0.15 1.27 �0.19 L
BVS �0.01 �0.01 0.00 �0.03 �0.24 0.66 �0.03 �0.03 1.16 �0.03 �0.03 1.17 L

Nanoparticle-specific parameters
PL �0.03 0.92 �0.03 �0.07 0.21 �0.09 0.00 0.00 0.00 0.00 0.00 0.00 M
PS �0.01 �0.01 0.98 0.02 �0.03 0.01 0.00 0.00 0.01 0.00 0.00 0.00 L
Kmax_liver �0.01 0.19 �0.01 �0.01 0.22 �0.29 �0.25 0.72 �0.26 �0.14 0.82 �0.19 H
K50_liver 0.04 �0.92 0.05 0.32 �1.23 0.85 0.01 �0.04 0.02 0.01 �0.05 0.01 H
nliver 0.04 �0.97 0.06 0.22 �0.86 0.59 0.05 �0.16 0.06 0.02 �0.15 0.03 H
Kmax_spleen 0.00 0.00 0.37 �0.14 �0.57 1.29 �0.03 �0.03 0.95 �0.03 �0.03 0.96 H
K50_spleen 0.02 0.02 �1.76 0.19 0.70 �1.75 0.00 0.00 �0.06 0.00 0.00 �0.05 H
nspleen 0.02 0.02 �1.82 0.14 0.32 �0.96 0.01 0.01 �0.21 0.00 0.01 �0.18 H
Kbile �0.18 �0.20 �0.22 �0.28 �0.53 �0.58 �0.62 �0.63 �0.62 �0.73 �0.74 �0.73 H

AUCCA, AUCCL, and AUCCS represent area-under-the-concentration curve of gold nanoparticles (AuNPs) in the plasma, liver, and spleen,
respectively. UN, uncertainty designation. L, M, and H stand for low, medium, and high uncertainty, respectively. QCC, cardiac output; BW, body
weight; VLC, volume fraction of liver in the body; VplasmaC, volume fraction of plasma in the body; BVL, volume fraction of blood in liver; BVS,
volume fraction of blood in spleen; PL, liver:plasma distribution coefficient; PS, spleen:plasma distribution coefficient; Kmax_liver or Kmax_spleen,
maximum uptake rate constant in the liver or spleen; K50_liver or K50_spleen, time reaching half maximum uptake rate in the liver or spleen; nliver or
nspleen, Hill coefficient in the liver or spleen; Kbile, biliary excretion rate constant. Only parameters with at least one absolute value of NSC greater
than 0.5 are presented. NSC values with absolute values higher than, equal to, or around to 0.5 are considered as highly sensitive and are highlighted
in bold.

Figure 4. Model-predicted uptake rates of (A) 13 nm and (B) 100 nm
PEG-coated gold nanoparticles (AuNPs) for phagocytic cells in the liver
and spleen of mice following iv injection (0.85 mg/kg).
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it is better to describe endocytosis from the tissue. Model
simulations suggest that endocytosis of 100 nm PEG-coated
AuNPs occurs rapidly and at much higher rates than 13 nm
PEG-coated AuNPs, which has a �10 h delay, indicating size and
time dependence (Figure 4). These results are consistent with
previous studies that show plasma circulation time of PEG-coated
AuNPs decreases with increasing sizes, e.g. plasma half-lives
were 31.9 h and 7.3 h for 15 nm and 100 nm PEG-coated AuNPs,
respectively (Chou & Chan, 2012; Zhang et al., 2009). Our results
suggest that the difference in the pharmacokinetics between
varied sizes of PEG-coated AuNPs may be mainly because of the
different cellular uptake pathways and rates. By using a more
detailed and physiologically realistic mathematical representation
of endocytosis, the present study provides valuable insights into
the size- and time-dependent pharmacokinetics of PEG-coated
NPs. However, it should be noted that the present model was built
on the arbitrary classification of two general pathways based on
the cellular location. Other mechanisms, such as different
endocytic pathways based on different molecular mechanisms
(e.g. receptor-mediated versus receptor-independent pathways)
with differential rates, may also contribute to what we observed.
Therefore, in order to reveal the complete pharmacokinetic
profiles of NPs and to further optimize PBPK model structure
in vivo, future in vivo pharmacokinetic studies coupled to in vitro
cellular uptake studies in major phagocytic cell types are
warranted. In addition, it is recognized that many other factors,
including the surface coating and biocorona formation, affect the
pharmacokinetics of NPs (Lin et al., 2015). Therefore, whether
this size- and time-dependent cellular uptake mechanism applies
to other types of NPs or not remains to be investigated.

Sensitivity analysis results show that endocytosis-related
parameters, distribution coefficients, and biliary and urinary
excretion rates are highly influential parameters on selected
critical dose metrics; the extent of sensitivity of each parameter is
size and time dependent (Table 2). Among all these highly
sensitive parameters, K50 t and nt show the greatest impact on the
dose metrics for 13 nm PEG-coated AuNPs, whereas selected
dose metrics for 100 nm PEG-coated AuNPs were sensitive
mostly to Kmax t (Figure 5). These results suggest that pharma-
cokinetics of these PEG-coated AuNPs may be regulated
primarily via endocytosis. Specifically, endocytosis of 100 nm
large PEG-coated AuNPs may be triggered rapidly, so its extent of
uptake primarily depends on the maximum uptake rate (Kmax t).
On the other hand, endocytosis of smaller 13 nm PEG-coated
AuNPs may be delayed and mainly dependent on the extent and
when endocytosis occurs, which is determined by K50 t and nt.
Therefore, different pharmacokinetic behaviors of varied sizes of
PEG-coated AuNPs may be mainly due to different time courses
of endocytosis. This model-based conclusion remains to be
verified with additional experimental studies that actually meas-
ure the cellular uptake rates of AuNPs in various cell types.

The uncertainty analysis data suggest that uncertainty in the
endocytosis-related parameters could add high uncertainty in the
model predictions. Endocytosis-related parameters had to be
estimated from a single study (Cho et al., 2010) due to lack of
more time-intensive in vivo data for PEG-coated AuNPs. These
parameters may be further refined once more comprehensive
pharmacokinetic data for PEG-coated AuNPs become available.
Alternative, endocytosis-related parameters derived from in vitro
uptake assays using different types of PCs might be able to serve
as input parameters to refine the PBPK model. Nevertheless, the
successful validation of the present model with multiple inde-
pendent datasets could increase confidence of these estimated
parameters.

The sensitivity analysis reveals several physiological param-
eters that have high impact on selected critical dose metrics, and

this effect is also size dependent (Table 2). These results are
important because it suggests that minor differences in these
parameters will result in similar extent of changes in the model
outputs. Hence, when extrapolating animal study results to
humans, it is critical to consider the difference in the values of
these parameters between humans and laboratory animals,
including mice, rats, dogs, and pigs. As shown in Table S4
(Supporting material), pigs would appear to be closest to humans
regarding these highly sensitive physiological parameters, while
the mouse values could be up to 3-fold different from humans,
such as the blood volume fraction in the liver (BVL). Besides the
general physiological parameter differences, there are differences
in the anatomical architecture of vascular system and the immune
function of macrophages among different species that need to be
considered when performing interspecies extrapolation.
Specifically, the mouse spleen capillary is non-sinusoidal with
predominant blood flow through open-circulation routes where
NP filtration is primarily regulated by the function of barrier cells;
whereas in rats and humans, the spleen capillary is sinusoidal,
where most of the blood flows through the open-circulation route
with filtration at interendothelial cell slits (Cesta, 2006). The liver
capillaries of mice, rats, and humans are all sinusoidal with open
fenestrae, but the number fenestrae/mm2 and the diameter differ
among these species, e.g. the average number of fenestrae/mm2 is
14, 20, and 20 in mice, rats, and humans, respectively (Braet &
Wisse, 2002). There are also species differences in the plasma
membrane receptor expression and functionality of macrophages
(Gordon & Taylor, 2005), which play a significant role in the NP
opsonization and endocytosis. However, despite these mechanistic
differences, PBPK models provide the most promising framework
to integrate these cellular and systemic physiological factors into
whole-animal predictive models.

The model simulation results and the above-mentioned species
differences suggest that pharmacokinetics of NPs could be very
different between mice and humans, not only because of longer
circulation time allowing for further biocorona formation in
humans as predicted in our earlier studies (Riviere, 2013; Sahneh
et al., 2015) but also due to inherent physiological, anatomical,
and immune differences between the two species. Therefore, one
should be very cautious in the interpretation of NP pharmacoki-
netic studies in mice and in the scaling from mice to humans.
However, it should be noted that the majority of available
pharmacokinetic studies for PEG-coated AuNPs are in mice (Lin
et al., 2015); this is the reason why a PBPK model was developed
first in mice as a basis for future extrapolation to other species.
Notably, this approach was successfully applied to extrapolate NP
behavior to humans as demonstrated in a recently published
PBPK model for titanium dioxide NPs in mice (Bachler et al.,
2014). Since there is no one animal model that is anatomically,
physiologically (especially cardiovascular system), and immuno-
logically similar to humans, further pharmacokinetic studies in
rats and pigs that are physiologically closer to humans will be
needed for interspecies extrapolations using mechanistic PBPK
modeling to elucidate the pharmacokinetics of this type of NPs in
humans.

Conclusions

A PBPK model for 13 nm and 100 nm PEG-coated AuNPs was
successfully developed. The model was validated with multiple
independent datasets for the NPs of similar sizes, indicating
reliable predicting capability. Model simulations provide insights
into the pharmacokinetics of the NPs in vivo, the influence of
physiological and physicochemical parameters, and the design of
future studies. This model predicted a time- and size-dependent
endocytosis profile for AuNPs that needs additional in vivo
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pharmacokinetic studies coupled to in vitro cellular uptake studies
to verify or to inform and optimize NP PBPK model structure
in vivo. The several highly sensitive physiological parameters
highlight the needs for interspecies comparison and scaling
studies and an argument for conducting NP pharmacokinetic
studies in species that are physiologically more closely related to
humans. This PBPK model describes the model structure
selection and parameterization in great detail (Supporting mater-
ial), and thus provides a general NP PBPK model development
strategy and a sound foundation for extrapolating to other types of
NPs and to other species.
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