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Abstract

A critical step in the translational science of nanomaterials from preclinical animal studies to humans is
the comprehensive investigation of their disposition (or ADME) and pharmacokinetic behaviours.
Disposition and pharmacokinetic data are ideally collected in different animal species (rodent and
nonrodent), at different dose levels, and following multiple administrations. These data are used to assess
the systemic exposure and effect to nanomaterials, primary determinants of their potential toxicity and
therapeutic efficacy. At toxic doses in animal models, pharmacokinetic (termed toxicokinetic) data are
related to toxicologic findings that inform the design of nonclinical toxicity studies and contribute to the
determination of the maximum recommended starting dose in clinical phase 1 trials. Nanomaterials
present a unique challenge for disposition and pharmacokinetic investigations owing to their prolonged
circulation times, nonlinear pharmacokinetic profiles, and their extensive distribution into tissues.
Predictive relationships between nanomaterial physicochemical properties and behaviours in vivo are
lacking and are confounded by anatomical, physiological, and immunological differences amongst
preclinical animal models and humans. These challenges are poorly understood and frequently
overlooked by investigators, leading to inaccurate assumptions of disposition, pharmacokinetic, and
toxicokinetics profiles across species that can have profoundly detrimental impacts for nonclinical
toxicity studies and clinical phase | trials. Herein are highlighted two research tools for analysing and
interpreting disposition and pharmacokinetic data from multiple species and for extrapolating this data
accurately in humans. Empirical methodologies and mechanistic mathematical modelling approaches are
discussed with emphasis placed on important considerations and caveats for representing nanomaterials,
such as the importance of integrating physiological variables associated with the mononuclear phagocyte
system (MPS) into extrapolation methods for nanomaterials. The application of these tools will be
examined in recent examples of investigational and clinically approved nanomaterials. Finally, strategies
for applying these extrapolation tools in a complementary manner to perform dose predictions and in
silico toxicity assessments in humans will be explained. A greater familiarity with the available tools and
prior experiences of extrapolating nanomaterial disposition and pharmacokinetics from preclinical animal
models to humans will hopefully result in a more straightforward roadmap for the clinical translation of
promising nanomaterials.

Key words: nanomaterials, ADME, pharmacokinetics, interspecies allometric scaling, physiologically based
pharmacokinetic modelling

Introduction

Nano-scale biomaterials (nanomaterials)  therapy span a diverse range of chemistries,
developed for applications in medical imaging and  compositions, and physical and biological properties.
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A critical step in the development of these
nanomaterial platforms is elucidating measurable
relationships between physicochemical properties
and in vivo disposition (absorption, distribution,
metabolism, and excretion, known by the acronym
ADME) and pharmacokinetics—the mathematical
description of the rates of ADME processes and of
concentration-time relationships. A major
breakthrough in this regard was the discovery that
coating liposomes with polyethylene glycol (PEG), a
synthetic =~ hydrophilic =~ polymer, significantly
prolonged their circulation times in vivo by as much
as 5-fold [1, 2]. Overcoming the rapid clearance
kinetics of the mononuclear phagocyte system (MPS)
was important for realising more useful functions of
many nanomaterial types, such as for delivering
imaging agents or drugs to sites of disease via the
enhanced permeability and retention (EPR) effect.
Since then numerous strategies have been developed
to improve nanomaterial pharmacokinetics, from
camouflaging nanomaterials for reduced interaction
with plasma opsins [3-5] to sophisticated approaches
for delaying or circumventing MPS clearance [6, 7].

Studying  nanomaterial  disposition and
pharmacokinetics is a far more challenging and
nuanced endeavour than given credit. Investigators
often overlook important anatomical, physiological,
biochemical, and immunological differences between
species used to perform these studies (typically rats
and beagle dogs) and humans [8, 9], differences that
may be consequential for understanding and
interpreting nanomaterial behaviours in vivo. These
differences may also violate key size-dependency
assumptions underlying extrapolation methods that,
if unrecognised, will lead to scaling relationships or
mechanistic models that cannot accurately extrapolate
disposition and pharmacokinetics in humans. The
consequences of failing to account for these
differences when investigating and extrapolating
nanomaterial pharmacokinetics and toxicokinetics
have been previously reported: from the selection of
unsuitable  animal models for performing
pharmacokinetic and toxicokinetic studies [10], to
significant underestimations of maximum
recommended starting dose (MRSD) for conducting
human phase 1 clinical trials [11]. Having knowledge
of these challenges and the strategies for addressing
them prior to commencing comprehensive
multispecies investigations of pharmacokinetics and
toxicity can greatly limit the risks and uncertainties in
the clinical development of promising candidate
nanomaterials.

The key to overcoming many of these challenges
is to establish a roadmap combining the best practices
and prior experiences of extrapolating investigational

nanomaterial pharmacokinetics from animal models
to humans. Towards this end, highlighted here are
research tools for analysing and interpreting
disposition and pharmacokinetic data of parenteral
(intravenous) nanomaterials in multiple species
(Figure 1). Allometric principles for extrapolating
nanomaterial pharmacokinetic data accurately in
humans are discussed with recent examples of

investigational and clinically approved
nanomaterials. State-of-the-art modelling
methodologies for creating mechanistic

representations of nanomaterial disposition and
pharmacokinetics are also explored with practical
examples  for simulating  disposition and
pharmacokinetic, and for assessing toxicity in silico.
Throughout will be particular emphasis for the
considerations and caveats of applying these tools
with the diverse physicochemical properties and in
vivo behaviours nanomaterials manifest. Finally, the
best practices for leveraging extrapolation tools to
perform  dose  selection of investigational
nanomaterials for clinical phase 1 trials and in silico
toxicity assessments in humans will be explained.

Extrapolating nanomaterial
pharmacokinetics from preclinical animal
models to humans using allometric
scaling and correlative analyses

An introduction to allometry and interspecies
allometric scaling

In the context of biological scaling, allometry
describes any anatomical or physiological property
whose proportional relationship with the mass or
geometry (surface area and volume) of an organism
deviates from the constant proportions predicted by
isometry. Many physiological and biochemical
processes (e.g., basal metabolic rate (BMR), blood
circulation time, glomerular filtration rate (GFR), etc.)
and anatomical structures (e.g., heart, kidney, and
liver weights, surface area, etc.) exhibit allometric
relationships with the body weight or body-surface
area in various mammalian species [12]. During drug
discovery and development, allometric scaling is a
widely used empirical tool for predicting
pharmacokinetic parameters of drug products in
humans from preclinical animal datasets, especially
for the purpose of selecting a safe starting dose for
initial clinical trials [13, 14]. Allometric scaling has
also be used for interpreting drug-related toxicities
such as the maximum tolerated dose (MTD) and
therapeutic efficacy across preclinical animal models
[15]. The simplest scaling approach uses the
power-law function to express an allometric
relationship between pharmacokinetic parameters
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and body weight (Figure 2A). Using a dataset of
measured parameters extending over a sufficiently
broad range of body weights, one can solve for the
allometric function variables (i.e., allometric scaling
coefficient and exponent) with type II linear
regression of the double-logarithmic transformed
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Figure 1. Workflows of two complementary research tools for extrapolating the disposition and pharmacokinetics of nanomaterials from preclinical
animals to humans. Left. Interspecies allometric scaling is a tool for extrapolating pharmacokinetic parameters and doses between species on the basis of empirical
pharmacokinetic and toxicokinetic data. Right. Mechanistic pharmacokinetic modelling is a tool for predicting the disposition and pharmacokinetics between species on the basis
of disposition profiles and physiological data. These two tools as are complementary approaches for understanding and interpreting the disposition and pharmacokinetics profiles
of nanomaterials across species, and for extrapolating these profiles accurately in humans.
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Figure 2. Mathematical representation of the allometric scaling function and relationship across species. A. The simple (or standard) allometric scaling equation
based on the power-law function. Modifications to this equation using Mahmood’s rule of exponents [36], maximum life-span potential (MLP) or brain weight product scaling, and
species-invariant physiological time models (i.e., Dedrick plots) have been investigated for improving allometric relationships of nanomaterial across species. Commonly
investigated pharmacokinetic and physiological parameters for nanomaterials are listed in the table underneath. B. Representative double-logarithmic transformation plot of drug
clearance versus body weight for mouse, rat, monkey, dog, and man at single equivalent doses (e.g., the MTD in each species). The dotted line originating at | kg provides the
allometric scaling coefficient a (on the clearance axis) while the slope is determined with linear regression and provides the allometric exponent b. Methods for estimating the
scaling exponent from data should use type Il linear regressions (e.g., scale invariant total least squares methods) as these account for the variation in both the dependent and
independent variables. It is important to note that validation of a genuine power law relationship in log-transformed datasets may require more sophisticated statistics beyond
simple evaluation of the goodness of fit using the coefficient of determination (R?). Graphic B adapted from [31].

Systemic clearance (CL) is the most commonly
scaled parameter from preclinical data using
allometry, although the volume of distribution (Vp),
area under the curve (AUC), half-life (ti/2), etc. of
nanomaterials can be similarly estimated. Extensive
statistical analyses performed on multispecies data
from hundreds of small molecule drugs and tens of
macromolecule drugs have identified strikingly
consistent trends in the allometric function variables.
For example, the allometric exponents for predicting
the human CL of small molecule drugs (MW < 900
Da) primarily eliminated via renal excretion exhibited
significant convergence to the value 0.65 (range
0.65-0.70) [16, 17]. This value is similar to the 0.67
allometric value predicted by the surface area law—a
proportional relationship between body-surface area
and BMR [18]. On the other hand, analysis of
allometric exponents for predicting the human CL of
macromolecule drugs and therapeutic proteins (MW
between 1-150 kDa) eliminated primarily by
extensive hepatic metabolism or in combination with
renal excretion, demonstrated central tendencies
towards values 0.74 [16] or 0.80 [19], values which are
comparable to the 0.734 (rounded to 0.75) value
predicted by Brody-Kleiber's quarter-power law
theory [20]. Other rules of thumb for estimating the
Vb and ti2 of small molecule and protein drugs in
humans include setting the scaling exponent to 1.0
(range 0.83-1.26) and 0.25 (range: -0.24-0.55),
respectively [21]. Although these extensive findings
might suggest the existence of a “universal” set of
fixed coefficients and exponents for the allometric
scaling of drug pharmacokinetic parameters (i.e., on
the basis of molecular weight and elimination

pathway), this universal approach mindset has been
widely criticised as being statistically and empirically
invalid [22, 23].

Owing to the lesser number of Cclinically
investigated nanomaterials and the difficulty in
obtaining suitable multispecies pharmacokinetic data
from literature, statistical analyses of allometric
scaling functions and variables for nanomaterial
pharmacokinetic parameters has not been possible.
There has been extensive research on the influence of
isolated  physicochemical properties such as
composition, shape and morphology, size and aspect
ratio, surface chemistry, surface charge, etc. on
nanomaterial disposition, pharmacokinetic, and
toxicity profiles [24-26]. However, many of these
studies suffer from a lack of multispecies data (i.e.,
data mostly reported in rodent species only), without
which correlating the effects of individual
nanomaterial properties with biases or trends in
allometric relationships are not possible. Ambiguity
also exists in these studies regarding how
nanomaterial dose should be selected in different
species for evaluating the disposition and
pharmacokinetics; for example, whether it is more
appropriate to select doses on the basis of
toxicological findings (e.g, MTD, no-observed
adverse effect level (NOAEL)), pharmacological
effects (e.g., minimum anticipated biological effect
level (MABEL)) or pharmacokinetic observations (e.g.,
nanomaterial dose threshold for nonlinearity). Studies
with small molecule drugs have successfully
discriminated ~ the  impact of  individual
physicochemical descriptors on the accuracy of
allometric scaling CL in humans [27, 28]. Similar
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analysis on the basis of individual nanomaterial
physicochemical parameters are very limited [29] and
may be unfeasible as revealed in the interspecies
allometric scaling of PEGylated liposomes: it was
discovered that three PEGylated liposomal anticancer
drugs with similar physicochemical characteristics
exhibited dissimilar allometric coefficients and
exponents due to unexpectedly divergent
pharmacokinetic profiles, even within the same
species and at comparable drug doses [10]. Thus, the
available evidence, albeit limited, suggest that even
comparable nanomaterials with broadly similar
physicochemical characteristics can exhibit dramatic
differences in their disposition and pharmacokinetic
profiles, which makes generalizations of allometric
relationships on the basis of physicochemical
descriptors impractical for nanomaterials.

It is noteworthy that many practical applications
of simple allometry for extrapolating drug and
nanomaterial pharmacokinetics to humans frequently
encounter predictive errors because of anatomical,
physiological, biochemical, and physicochemical-
related factors that cannot scale allometrically with
weight [30, 31]. One common explanation for
allometric prediction errors of human CLs relates to
the challenge of accounting for differences in
interspecies hepatic metabolism [30, 32]. Specifically,
in the case of drugs with low hepatic extraction ratios
(i-e., ratio of hepatic clearance rate to liver blood flow),
the intrinsic ability or “capacity” of hepatic enzymes
to metabolise a drug greatly determines their systemic
clearance in a manner that does not scale
allometrically across species [31]. For nanomaterials,
additional species-specific differences in the vascular
architecture and immune functions of macrophages in
the liver and other elimination organs (see Box 1) may
result in species-dependent pharmacokinetics profiles
for nanomaterial types that are not amendable to
allometric ~ assumptions for organism size-
dependence. Also, in instances when a drug or
nanomaterial’s plasma concentration saturates a
biotransformation =~ pathway or elimination
mechanism — very common for many long-circulating
nanomaterial types—the resulting pharmacokinetic
profiles may exhibit a nonlinear relationship with
dose that is unsuited to allometric scaling approaches
[33]. A second challenge for interspecies extrapolation
is well documented species-specific differences in
protein interactions with drugs and nanomaterials
[30]; differences in the strength of binding affinities
and in the number of binding sites can restrict
glomerular filtration and renal excretion of
small-molecule and macromolecule drugs or alter
their hepatic metabolism and clearance in a
species-dependent manner [34]. Protein binding

differences among species likewise have no
straightforward allometric scaling with weight. A
third limitation of allometry is the necessity for
obtaining a sufficiently broad range of species weights
for robust correlation; generally greater than three
orders of magnitude difference in weights are
required, which is at least three or more species of
animals [35, 36].

Modifications of simple allometry for
improved extrapolation of nanomaterials

Attempts to improve the predictive performance
of allometric scaling for the clearance of drugs and
nanomaterials include modifications of the standard
power-law function with corrections for maximum
life-span potential (MLP), in vitro metabolic data (e.g.,
from liver hepatocyte or microsome assays), protein
binding, organ weights (e.g., brain, liver, etc.) and
blood flows (e.g., monkey liver), etc. However, some
of these modifications have been criticised for being
either purely mathematical adjustments without
physiological significance (e.g., MLP- or brain
weight-corrections, rule of exponents), or for
overcompensating hepatic metabolism and biliary
elimination pathways (e.g., in vitro metabolism data
using the subcellular (microsomes) or cellular
(hepatocyte) components of the liver) [30, 31].
Knowing whether and how to apply these corrections
appropriately for specific macromolecule drugs and
nanomaterials is still unclear, although Mahmood’s
‘rule of exponents” (ROE) methodology [36, 37] has
been successfully applied in published examples of
nanomaterial ~ pharmacokinetic  allometry.  For
example, studies with PEGylated anticancer drugs
found that using the MLP product scaling of CL (i.e.,
8.18 x 10> hours in humans) improved the linear
correlation of the allometric scaling function in
preclinical animal models [10]. The brain-weight
product scaling improved the interspecies linear
correlation of PEGylated colloidal gold nanoparticles
from R? = 0.957 to 1.000 [38]. Importantly, there is no
proven physiological rational for using either MLP or
brain-weight product scaling aside from the
observation that biochemical processes (i.e., hepatic
metabolism) are related to an organism’s life
expectancy and their evolutionary order.

Generally speaking, the ROE methodology
demonstrably improves the predictive power of
allometric relationships for drugs and nanomaterials
which undergo extensive hepatic metabolism, but has
also been criticised for introducing prediction errors
in larger preclinical animals (and humans) depending
on the species used for fitting [31, 33]. Dedrick plots
are a more complex mathematical approach
accounting for species differences in physiological
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time by transforming the time axis of the
concentration-time  profile  from = Newtonian
chronological time to wunits of physiological

‘species-invariant time’ [39]. Upon correcting for
physiological time, Dedrick plots of the concentration
time profiles of drugs and nanomaterials from
different species should be superimposable if bona
fide interspecies allometric relationships exists [40].
Dedrick plots of PEGylated liposomal anticancer
drugs did not exhibit superimposability and exposed
the previously little-known species-dependent
characteristics in the disposition and pharmacokinetic
profiles of these agents [10]. For other
pharmacokinetic parameters, such as AUC, Vp, and
t1/2, consensus over how best to modify the standard
allometry function for greater accuracy in humans is
still lacking. For instance, attempts to infer ti/» in
humans from preclinical animal data, as is especially
common among nanomaterials reports, are generally
poor because ti2 is not directly related to a
physiological function that conceptually scales with
weight [33]. However, since t1/> is proportional to the
quotient of CL and Vp—both of which are amendable
to allometric scaling—and also to the mean residence
time (MRT), reasonable predictions of ti/2 are possible
[41]. Nanomaterial AUCs generally scale negatively
with body weight since AUC is inversely proportional
to CL (itself rarely a negative power with body
weight); available evidence for correlating
nanomaterial AUCs across species reveals inferior
fitting with the allometric power-law function
compared with fittings for other pharmacokinetic
parameters [42-44].

Examples of allometric scaling of nanomaterial
pharmacokinetics across multiple species

PEGylated Liposomes

A pivotal study by Caron et al. in 2012 is among
the few to have evaluated with human clinical data
interspecies allometric scaling of CL for PEGylated
liposomal anticancer drugs (i.e., Doxil, SPI-77 or
SPI-077, and S-CKD602) [10]. In addition to simple
allometry of CL with body weight, the authors
hypothesised that in order to account for the unique
physiological role of the MPS in the uptake and
disposition of PEGylated liposomes, scaling CL with
the weights and blood flows of the liver, spleen, and
kidneys, and with the total monocyte count (ie.,
number of peripheral blood monocytes per litre of
whole blood) may yield more precise predictions in
humans. To this end, preclinical animal datasets that
included mice, rats, and dogs, each dosed with
PEGylated liposomes at their respective MTDs, were
analysed. Robust linear regressions were obtained
amongst the preclinical animals when the CLs of

PEGylated liposomes were scaled by body weight
(0.89 < R?< 0.98) and by the total monocyte count (0.93
< R2 < 0.99) [10]. However, upon extrapolation to
predict CL in humans, the allometric scaling function
yielded differences of over 30% (range: -20.4%-698%)
from measured values in phase 1 clinical trials [10]. A
common challenge in the measurement of plasma
concentrations of drug-containing nanomaterials is
the difficulty or inability to discriminate the
pharmacokinetic profiles of the PEGylated liposomal
drug (or nanomaterial) from the free drug; although
available evidence suggest that in the PEGylated
liposomal drugs studied here the majority (80-95%) of
drug in plasma remains encapsulated [45, 46]. Thus,
the allometric relationships reported are an accurate
description of the PEGylated liposomes themselves.

The discovery that the physiologic properties
generating the best scaling of CL across animal
models and humans were variables associated with
the MPS, such as monocyte count in blood, is highly
novel. The conceptual motivation to account for the
leading role MPS organs play in the clearance of
nanomaterials is attractive, especially as our
understanding of the dynamics and mechanisms of
nanomaterial clearance in these organs continues to
improve [47, 48]. A subsequent study extended upon
this theme by establishing allometric associations
between the functional activity of circulating blood
monocytes (e.g., phagocytosis and radical oxygen
species (ROS) production) and the CL of PEGylated
liposomes in preclinical animals and humans: the
regression fits using the simple power-law function
were R2 > 0.73 (median: 0.95, max: 0.99) scaled with
phagocytosis activity and R? > 0.66 (median: 0.77,
max: 0.77) scaled with the level of ROS production
[49]. Based on these results the authors proposed a
clinical scenario in which surrogate measurements of
MPS function via non-invasive phenotypic probes
(i.e., phagocytosis and ROS assays) could be used to
assess individual oncology patients and predict
PEGylated liposome pharmacokinetics,
pharmacodynamics (R2 > 0.67), and even toxicities (R?
= 0.56) prior to the initiation of treatment [49].

Colloidal gold nanoparticles

A fundamental report by investigators at the
Nanotechnology Characterization Laboratory
outlined in full the clinical development and
translation of a colloidal gold nanoparticle platform
targeted with tumour necrosis factor-alpha (CYT-6091
or Aurimune), including the interspecies allometric
scaling of CL and Vp (data not reported) using
approaches developed for macromolecule drugs [38,
50, 51]. Evaluating the disposition and
pharmacokinetics of gold nanoparticles is particularly
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challenging owing to their preferential
size-dependent tissue distribution profiles: particles
with 10 nm diameters preferentially accumulate in
kidney, testis, thymus heart, brain, spleen and liver,
while 50 nm particles accumulate primarily in lung,
spleen and liver, and particles with diameters greater
than 100 nm accumulated in spleen and liver
exclusively [52]. On the basis these distribution
profiles alone, one cannot predict which sizes of gold
nanoparticle will be most (and least) amendable to
allometric scaling because the extent to which
individual physicochemical properties influence the
validity of allometric assumptions still remains
unclear. Measuring the pharmacokinetics of their gold
nanoparticles with TNF-o levels in the plasma (as
opposed to gold concentration, which was deemed
technically unfeasible) of rats and rabbits, the authors
established an allometric relationship for CL with
body weight that was fairly predictive in human (R? >
0.95) [38]. Subsequent modification of the simple
allometric equation for CL wusing brain-weight
product scaling recommended in Mahmood’s ROE for
macromolecules (MW > 100 kDa) [36] dramatically
improved the coefficient of determination (R? = 1) of
the allometric function; suggesting that the MPS
clearance of these nanoparticles possessed a common
mechanism in rats, rabbit, and humans [38]. Note
however that only two preclinical animal species were
used to perform regression of the allometric function,
contrary to the recommendations for applying the
ROE approach [36]. The successful demonstration of
allometric scaling with gold nanoparticles is
encouraging for future extrapolation efforts. However
it is also possible that had a third animal model (such
as dog or non-human primate) been included in the
regression analysis as recommended for the ROE
approach, extrapolating CL in humans would not
have been as accurate (i.e., as experienced by Caron et
al. with PEGylated liposomes [10]).

Polymeric nanoparticles

Hrkach et al. reported the clinical translation of a
prostate specific membrane antigen (PSMA)-targeted
polymeric docetaxel-containing nanoparticle
(BIND-014) physicochemically optimised with
rational design for superior pharmacokinetics, tissue
distribution, and anti-tumour efficacy [43, 53].
Investigating the correlation between
nanoparticle/drug dose level and pharmacokinetic
parameters in cynomolgus monkeys, the authors
obtained a strong linear correlation (R2> 0.99) when
comparing the maximum plasma concentration (Cmax)
and AUC with increasing drug dose levels expressed
in body-surface area (i.e, mg of drug per square
meter) [43]. Multicycle weekly dosing of their

nanoparticles in monkeys exhibited no change in the
pharmacokinetic profiles after three administrations;
providing clinically-relevant insights on the
nanoparticles’ pharmacokinetics and MPS-based
clearance mechanisms (disposition) upon repeated
exposure. Human data from six escalating drug dose
levels (3.5 to 75 mg/m?) demonstrated linearly
proportional correlations for plasma Cmax (R2> 0.87)
and AUC (R2> 0.79), similar to results in the monkeys
at the same doses. Because of insufficiencies in the
data published and the analysis performed, it is
difficult to deduce whether a robust interspecies
allometric  relationship for this nanoparticle’s
pharmacokinetics truly exists. For example, given the
breadth of pharmacokinetic data collected in
cynomolgus monkeys and the hepatic elimination
(extraction) route of this nanoparticle, it would be
interesting to evaluate allometric scaling of CL
performed with the monkey liver blood flow
approach [28].

Eliasof et al. performed correlative analysis of
the pharmacokinetic profiles of a polymeric
cyclodextrin-based camptothecin containing
nanoparticle (IT-101 or CRLX101) using multispecies
animal studies and phase 1 and 2 clinical trial datasets
[44]. The authors obtained a strong linear correlation
(R2=0.802) when comparing the plasma AUC of their
nanoparticles in rats, dogs, and humans versus
increasing drug dose levels expressed in body-surface
area (mg/m?) [44], indicating an allometric
relationship between CL (inversely proportion to
AUC) and dose per meter squared. Interestingly, it
was noted that the renal (urinary) excretion process
for these nanoparticles became saturated in humans at
doses exceeding 15 mg/m? a phenomenon not
observed in preclinical animal studies at significantly
higher human equivalent doses (~52 mg/m?) [44, 54,
55]. As discussed previously, the saturation of
clearance processes not only give rise to nonlinear
pharmacokinetic ~ profiles  (which cannot be
allometrically scaled), but also undermines important
assumptions regarding the extrapolation of
nanoparticle disposition and pharmacokinetics from
animal data [55, 56]. It was also necessary for the
authors to account for species-specific differences in
the albumin binding affinity for camptothecin (which
also cannot be allometrically scaled) to improve the
consistency of the pharmacokinetic profiles across
species [44]. Regardless, it is interesting to note how
failure to anticipate minor species-specific effects in
renal excretion and protein binding during preclinical
testing of this nanomaterial diminished the predictive
power of allometric scaling AUC in patients.

Investigating a related cyclodextrin-based
targeted nanoparticle containing small interfering
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ribonucleic acid (siRNA) (CALAA-01), Zuckerman et
al. reported linear relationships between plasma
siRNA pharmacokinetics (AUC and Cmnax) and
nanoparticle dose (mg/m?) in rats, cynomolgus
monkeys, and humans (R2> 0.9) [57, 58]. Curiously,
whereas Eliasof et al. had found the AUC of their
cyclodextrin  nanoparticles scaled best with
body-surface area [44] —as one would anticipate from
evidence with renally eliminated macromolecule
drugs—Zuckerman et al. found superior correlation
of Cmax among mice, rats, dogs, monkeys, and humans
(R2> 0.98) when dose was expressed in body weight
(mg/kg) [57, 59]. This finding is not unexpected
considering that aside from the shared route of
clearance (renal excretion), the physicochemical
characteristics between these two cyclodextrin-based
nanoparticles are broadly dissimilar and contribute to
significant ~ divergence in  their  respective
pharmacokinetic  profiles. Furthermore, scaling
pharmacokinetic parameters and dose on the basis of
body weight is recommended in instances when a
drug or nanomaterial’s Cunax correlates across
preclinical species with mg/kg, which is indeed the
case with CALAA-01 [30, 57-59]. Importantly, the
rapid renal clearance of CALAA-01 (t;/2 ~15 minutes),
although creating technical difficulties for assessing
the AUC, CL, and t1/2, does not necessarily invalidate
the allometric relationship established for Cmax [57]:
predominantly excreted (but not secreted) drugs are
still amendable to allometric scaling of their CL and
may even be improved with scaling corrections for
GEFR or the number of nephrons (both of which scale
allometrically) [30].

Outstanding challenges for scaling
nanomaterial pharmacokinetics

The examples of allometric scaling discussed
above provide confidence and optimism in the
predictive utility and accuracy of extrapolative tools
for nanomaterials. However, the available evidence
are still insufficient for advising on a generalizable
strategy for conducting allometric extrapolation of
pharmacokinetic parameters or dose, particularly on
the basis of a nanomaterial’'s physicochemical
properties. In order for such as strategy to take shape,
allometric scaling approaches will need to be refined
in order to better capture defining characteristics of
nanomaterial behaviours in vivo. For example, how to
account for information of a nanomaterial’s protein
corona in allometric scaling? The protein corona has
an outsized effect on the disposition and
pharmacokinetic profiles, such as restricting the
access and distribution of nanomaterials to their sites
of action and excretion (e.g., preventing the diffusion
across barrier membranes in the kidney glomerulus).

Whereas many small-molecule drugs possess well
defined interactions with plasma proteins that can be
rationally accounted for in the allometric function,
hundreds of proteins have been identified in the
time-varying coronas of intravenous nanomaterials
[60, 61]. Our understanding of the thermodynamics
and stoichiometry of protein corona formation [62]
and their influences the disposition and tissue uptake
of nanomaterials continues to evolve [63, 64].
However, available evidence suggests that the
kinetics and dynamics of corona formation on
nanomaterials is mostly independent of physiological
rates (e.g., BMR), which makes simple extrapolation
with body weight theoretically problematic [65].

Differences in the time scales on which
physiological and metabolic processes (e.g.,, BMR)
occur versus protein corona formation kinetics create
mismatches that have been hypothesised to contribute
to significant differences in the distribution profiles of
nanomaterials extrapolated between species. For
example, in silico modelling has revealed that rapidly
forming (e.g., minutes) stable protein coronas will
have minimal impact on extrapolations of
nanomaterial distribution, while coronas requiring
hours to reach a stable form (>> BMR time scale)
could impart dramatic differences in distribution
across species [63]. Lastly, interspecies differences in
the blood proteomes and the resulting compositions
of protein coronas may further confound
extrapolation efforts [65]. Studies comparing the
protein coronas formed on liposomes of varying
physicochemical characteristics in the plasma of mice
and humans revealed significant differences in the
densities and types of proteins bound to the surface of
the liposomes [66, 67], differences which could lead to
species-dependent disposition. Therefore,
overcoming the effects of protein corona with simple
arithmetic modifications to the allometric power-law
function seems unlikely; the best strategies described
to date combines experimental in vitro and in vivo
data and in silico modelling approaches for aid
extrapolation methods [63].

A second obstacle for the allometric scaling of
nanomaterials is the nonlinear or dose-independent
disposition and pharmacokinetic profiles (e.g.,
distribution, elimination, etc.) typical of many
intravenous long circulation nanomaterials. There is
no conceptual basis for scaling nonlinear
pharmacokinetic parameters with allometry since
these parameters (response variables) will exhibit
relationships ~ with  multiple explanatory or
independent variables (i.e., body-weight, dose, etc.)
that can only be fitted with multiple linear regression
analysis (not a power-law function). Nonlinearity
usually arises from the saturation of elimination
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mechanisms associated with MPS organs, such as
phagocytic Kupffer cells in the context of intravenous
nanomaterials eliminated by the liver [6, 48]. A similar
phenomenon arises with clinical monoclonal
antibodies in vivo: antibodies exhibit significant
dose-dependent pharmacokinetics and elimination
(i.e., usually via receptor-mediated endocytosis in the
liver, vascular endothelium, or target tissues) where
clearance decreases as a function of dose upon
exceeding receptor capacity [68]. Predicting with
allometric extrapolation the dose wherein nonlinear,
target-mediated disposition of antibodies in humans
begins is often unsuccessful [68]. Similar attempts at
predicting nanomaterial pharmacokinetic
nonlinearity between preclinical models and in
humans have been unsuccess as well. For example,
polymeric nanoparticle CRLX101 saturated the renal
elimination pathway in humans at a significantly
lower dose than predicted from the allometric
relationship using preclinical animal models (15
mg/m? versus ~52 mg/m?) [44]. In this instance,
allometric scaling of the preclinical dose with a more
appropriate physiological parameter reflective of the
nanomaterial’s renal excretion (e.g., GFR, kidney
blood flow, number of nephrons, etc.) might have
better predicted nonlinearity in humans.

The classical properties associated  of
nanomaterials such as prolonged circulation times,
moderate distribution into tissues, and predominant
interactions with the MPS and clearance
organs —which can species-specific and
size-independent (see Box 1)—all work against
deriving predictive allometric relationships for CL
and dose across species. The clinical implication of
this fact has already been described: in initial clinical
trials with nanoparticles, the ratio of the MTD to
starting dose in patients was approximately 7-fold
higher, a statistically significant difference in
comparison with similarly designed small molecule
drug trials [11]. This finding suggests that the starting
nanoparticle dose extrapolated with allometry from
preclinical animal models used for toxicity testing
(mainly rats and beagle dogs) were poorly predictive
of the MTDs in humans. Importantly, the starting
doses for the nanoparticles reviewed in this study
were calculated from the most sensitive species on a
mg/m? basis using a conventional dose-by-factor
approach, which may not be an ideal approach for
nanomaterials [38]. For nanomaterials that share
physicochemical characteristics and disposition
profiles with therapeutic protein drugs, specifically in
terms of their molecular weight (MW > 100 kDa), low
metabolism, and distribution primarily into the
plasma space, it has been suggested that scaling dose
directly with body weight (mg/kg) may provide

better estimates the safe starting doses in patients [30,
38]. Regardless of the approach employed, the
consequences of starting patients on too low or
conservative a dose in initial clinical trials is that the
majority of patients in these trials will be treated at
doses that are unlikely to produce toxicity and/or
therapeutic response, thereby undermining the
purpose of in human safety studies [11].

Leveraging allometric relationships to
estimate clinical starting dose

The predicted disposition and pharmacokinetic
profiles of nanomaterials in humans are important for
anticipating dose-dependent exposure-
pharmacodynamic response relationships and for
establishing the MRSD for initial clinical trials.
However, there is no consensus on the best method
for selecting a first dose for nanomaterials in humans.
Regulatory guidelines from the United States Food
and Drug Administration (USFDA) recommend a
dose-by-factor approach wherein the NOAEL of a
drug in the most sensitive preclinical species is scaled
by using simple allometry on the basis of
body-surface area (allometric exponent b = 0.67) to
obtain the human-equivalent dose (HED) (Figure 3A)
[30, 38]. The HED is next divided by a safety factor
with default value 10, although this value does not
have a firm scientific basis and is purely cautionary.
This approach has a good safety record for
nanomaterials because it is very conservative [11], and
its simplicity to apply makes it attractive to scientific
and clinical investigators. The selection of the
appropriate test species for performing NOAEL
studies is an important decision since the appearance
of toxicities or adverse effects to nanomaterials can
arise from numerous physiologic, biochemical,
metabolic, and pharmacologic processes that may
vary greatly across species [8]. The appropriateness of
a test species can be evaluated on the basis of
expectant similarities in the ADME of a nanomaterial
to humans and from prior experiences assessing the
toxicity of nanomaterial types in a particular species
[69]. It has been suggested that nanomaterials can be
scaled on the basis of mg/kg (allometric exponent b =
1) directly from the most sensitive species when either
(i) the NOAEL among species on a mg/kg basis are
highly similar or (ii) the Cumax is the primary
determinant of toxicity and is strongly correlated with
dose (mg/kg) [38]. However, dose conversion based
on mg/m? is still widely favoured for it's more
conservative dose estimate, especially for first-in-class
nanomaterials.
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A

Dose-by-factor approach (USFDA standard)

Dose conversion based on body-surface area:

HED = animal NOAEL mg-kg' dose x
human weight kg

where: HED is the ‘human-equivalent dose’ in mg-kg™,

a safety factor of 10 is applied.
Dose conversion based on body weight (i.e., for therapeutic

animal weight kg }033

NOAEL is the ‘no-observed adverse effect level’ in the
most sensitive species for a particular nanomaterial, and

protein drugs with MW > 100 kDa):

HED = animal NOAEL mg-kg' dose

where: HED is in mg-kg™,

nanomaterial, and
a safety factor of 10 is applied.

NOAEL is in the most sensitive species for a particular

Allometric scaling of
nanomaterial CL

Route of
elimination

v v v

Primarily R Primarily
hepatic Fong renal
+ hepatic

Rule of Simply

Exponents

allometry

Dose conversion accounting for preclinical pharmacokinetic
data:

where: starting dose in human in mg,
AUC is calculated at the NOAEL dose in the index
species (species giving the lowest NOAEL dose),
CL in human estimated using allometry, and
a safety factor of 10 is applied.

Pharmacokinetically guided approach (alternative)

Starting dose = AUC in index species x estimated CL in human

(ROE)

| Additional considerations:

' 1. Monkey and rat may be best species
I for allometric scaling human CL.

: 2. Glomerular filtration rate (GFR)

| normalized scaling of CL may

I improve predictions in human.

I 3. Limited published data to date of

| simply allometry with renally cleared
| nanomaterials.

Animal-equivalent dose approach

Dose conversion from human dose to preclinical species dose

in experimental studies:

AED = human dose mg-kg™
animal weight kg

human weight kg} (1-b)

where: AED is the ‘animal-equivalent dose’ in mg-kg-, and
b is either 0.67 (default) for small molecule drugs, or

therapeutic doses based on body weight).

empirically determined (necessary for scaling NOAEL or

NOTE: empirical adjustment factor for AED is likely required.

\ 4

Additional considerations:

1. Monkey, dog, and rat may be best species for
allometric scaling CL (although dog is
controversial).

2. Liver blood flow models using monkey have
potential for single species scaling.

3. Using MPS-associated physiological variables
(e.g., total monocyte count, function, etc.) can
improve allometric predictions in humans.

4. Dedrick plots (species-invariant time models) may
have potential if 3 or more species are used.

5. Most published examples of allometric scaling are
for PEGylated liposomal drugs.

Figure 3. Allometric scaling approaches for estimating the dose and systemic clearance of nanomaterials. A. Current methods for dose estimation of the
maximum recommended starting dose (MRSD) in initial clinical trials and of the animal-equivalent dose (AED) for experimental studies (i.e., human therapeutic dose equivalent
in preclinical animal models). All these approaches rely on allometric scaling either of the nanomaterial dose (mg/kg) itself or of the nanomaterial clearance (CL) using preclinical
pharmacokinetic data. A default safety factor of 10 is applied in the calculation of the MRSD from the human-equivalent dose (HED). A key limitation of these approaches is the
extent to which the pharmacokinetic and toxicologic parameters of the nanomaterial can be accurately predicted in humans with allometry, which for most nanomaterial types
is not always guaranteed. Information in A adapted from [30, 71]. B. Decision tree for selecting the recommended allometric scaling method of nanomaterial CL on the basis of
their clearance/elimination route. These recommendations and the additional considerations are based on the best practices for interspecies scaling of nanomaterial CL reported
in literature. It is not meant as a prescriptive tool. Whether or not a particular nanomaterial type is amendable to allometric scaling will ultimately depend on the multispecies

experimental data.

A key limitation of the dose-by-factor approach
is the lack of account for preclinical pharmacokinetic
data in the calculation (i.e., only the NOAEL is
required), usually leading to underestimations of the
effective dose and necessitating greater time, cost,
patient numbers and dose escalations in order to find
the therapeutic range and demonstrate therapeutic

efficacy [11]. Alternative approaches to dose
extrapolation, such as the pharmacokinetically guided
approach, aim to better estimate safe starting doses
using systemic exposure (a primary determinant of
toxicity [70]) and empirical allometric relationships
for CL and/or Vp [30, 38]. In this approach, the
NOAEL is determined in several test species, and the
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species that gives the lowest NOAEL is used as the
index species for calculating AUC and scaling CL or
Vp in humans (Figure 3A). Curiously, studies
comparing the pharmacokinetically guided approach
with the conventional dose-by-factor approach for
small-molecule  drugs reported insignificant
differences in the prediction of the recommended
(therapeutic) dose between the two approaches [71,
72]—most likely because across species variations in
the CL and Vp are higher than variations in the
NOAEL (mg/m?). Thus, a key limitation of the
pharmacokinetically guided approach is the extent to
which the pharmacokinetic parameters of a
nanomaterial can be accurately predicted in humans,
which for most nanomaterial types is not always
guaranteed. Another caveat for this approach is that
the AUCs of nanomaterials generally scale negatively
with body weight, and if the NOAELs among the
species are similar, significant differences in the
MRSD can be calculated depending the species
selected for indexing and scaling. Therefore, the best
strategy for selecting the clinical starting dose
includes using both the dose-by-factor and the
pharmacokinetically guided approaches to derive
several candidate doses that can then be critically
assessed for their relative merits and drawbacks [30,
71].

Summary of allometric scaling tools for
extrapolating preclinical nanomaterial
pharmacokinetics and doses in humans

Published examples of allometric scaling
nanomaterial pharmacokinetics and dose in humans
remains surprisingly limited, especially in light of the
over sixty early phase clinical trial currently being
conducted with nanomaterials in the United States
alone. The available evidence suggest that the classical
properties associated of many nanomaterial types,
such as prolonged circulation times and nonlinear
pharmacokinetic profiles, protein corona formation,
and extensive interactions with the MPS organs
(particularly the liver), all work against deriving
predictive allometric relationships across species.
Furthermore, the diversity of physicochemical
properties and pharmacokinetic profiles manifested
by nanomaterials make it is unlikely that a single
allometric scaling approach will work for all
nanomaterial types equally. Rather, consolidating the
available evidence for scaling nanomaterial
pharmacokinetic parameters highlights general trends
in the extrapolation methods most likely to succeed:
on the basis of elimination route, for example (Figure
3B). The best strategies for allometric scaling will
include testing multiple extrapolation methods and
then critically assessing each relationship for their

relative merits and drawbacks. Whether or not a
particular nanomaterial is amendable to allometric
scaling will ultimately depend on the multispecies
pharmacokinetic data.

Overall, the following can be concluded from
allometric scaling of preclinical nanomaterial
pharmacokinetics and dose in humans:

o There are no universal set of allometric
coefficients and exponents for scaling
nanomaterial pharmacokinetics across species.
Nor does the available evidence suggest a central
tendency will emerge in the exponent values
dependent on the route of elimination—such as
0.67 for renally excreted small molecule drugs or
0.75 for hepatically metabolised small molecule
and macromolecule drugs, for example.

e The most predictive allometric scaling
relationships for nanomaterials are regressed
with pharmacokinetic data from at least 3 species
of animals (or 3 orders of magnitude weight
difference). The selection of appropriate test
species for studying nanomaterial
pharmacokinetics and toxicokinetics is not trivial
[8, 9, 69] and will depend on similarities in the
nanomaterial disposition (ADME) to humans
and on prior experiences in a particular species
with a given nanomaterial type.

e The inclusion of variables associated with the
MPS in allometric scaling approaches have an
appealing conceptual basis, especially when
analysing  nanomaterial =~ with  primary
elimination through MPS-associated organs like
the liver and spleen. However, it is still unclear
to what extent nanomaterial MPS sequestration
scales across species with body weight or any
other physiological parameter.

e Size-independent species differences that affect
nanomaterial disposition and pharmacokinetic
profiles are not amendable to allometric scaling.
These include differences in hepatic enzymes
and enzymatic pathways (affecting metabolism),
in the physiology and function of the MPS and
clearance organs (affecting elimination), and in
the blood proteome (affecting protein corona).

¢ Nanomaterial physicochemical properties that
are intended to alter their distribution in vivo
(e.g., targeted nanomaterials), that may promote
extensive hepatic clearance and biliary excretion
(e.g., large and amphiphilic components), or that
impart nonlinear disposition and
pharmacokinetic ~ profiles (e.g., PEGylated
nanomaterials) are all unlikely to be amendable
to allometric scaling.
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Box 1. Species-specific differences in the
mononuclear phagocytic system (MPS) organs and
their influences on nanomaterial disposition and
pharmacokinetics.

MPS uptake in macrophage rich organs, such as
the liver and spleen [73], are classical features of most
long-circulating and nondeformable nanomaterials
[74]. Differences in the types and relative abundance
of phagocytosing cells among the various MPS organs
are well understood, as are the physicochemical
properties of nanomaterials generally affecting
protein opsonization and MPS uptake [9]. What is less
appreciated are the differences among preclinical
species in the anatomical architecture of MPS vascular
systems and the immune function of macrophages.
These species-specific variations can result in distinct
microcirculatory pathways and different mechanisms
of blood clearance that may have meaningful
consequences for the interpretation and extrapolation
of nanomaterial disposition and pharmacokinetic
profiles across species.

Spleen. The mouse spleen capillary is
non-sinusoidal with predominant blood flow through
open-circulation routes where nanomaterial filtration
is primarily regulated by the function of barrier cells
[75]. 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 [75]. A study of comparing
the intrasplenic distribution of polystyrene
nanospheres in mice and rats reported dissimilar
distribution patterns [76]. In mice, most of the injected
nanospheres (~140-200 nm dia.) were localised in the
marginal zone, involving a special population of
antigen capturing marginal zone B cells [77], whereas
in rats the predominant capture of these nanospheres
occurred in the red pulp. When the properties of the
nanospheres were adjusted with a hydrophilic coating
(~200-220 nm diameter, ~0 mV surface charge) the
intrasplenic distribution of capture in mice shifted to
the red pulp, presumably due to changes in the
opsonic response to the hydrophilic coatings that
affected the specific cellular interactions with the
nanospheres [76, 78]. In the sinusoidal structures of
rat and human livers (but not mice), the splenic
interendothelial cell slits (200-500 nm) in the walls of
venous sinuses act as a sieving mechanism for
entrapping and accumulating nondeformable
nanomaterials of equal or greater sizes in the red pulp
[78, 79]. The relationships between nanomaterial
properties and splenic accumulation across different
species has been reviewed in depth elsewhere [74].

Liver. The liver capillaries of mice, rats, and
humans are all sinusoidal with open endothelial
fenestrae separating the sinusoidal lumen and the

space of Disses where the hepatic parenchymal cells
(hepatocytes) reside. However, the number of
fenestrae per pm? and the diameters differs among
species: the average diameter of fenestrae is ~99 nm in
mice and rats, but is between 50-300 nm in humans,
and the density of fenestrae/pm? is 14, 20, and 20 in
mice, rats, and humans, respectively [80]. The
influences of these anatomical differences on the
intrahepatic distribution and hepatobiliary clearance
of nanomaterials between species has not be studied
in depth. Reports on the species dependent hepatic
uptake of liposomes in mice, rats, and rabbits noted
that liposome uptake in rats was dependent on
specific plasma opsonins whereas mice exhibited
opsonin independent uptake [81, 82]. Although,
species specificity has also been reported in the
activity of particular opsonins against liposomes too
[82]. No significant differences have been observed in
the density of Kupffer cells in mouse, rat, and rabbit
livers [81]. More multispecies data, specifically in
nonrodent species and humans, are needed in order to
conclude which preclinical animal models can best
recreate nanomaterial intrahepatic distribution,
hepatobiliary clearance profiles, and hepatotoxicity in
humans. The relationships between nanomaterial
properties and hepatic accumulation have been
reviewed in depth elsewhere [48, 74].

Bone marrow. Anatomical differences in the bone
marrow across species have been observed. A report
on interspecies differences in the accumulation of
chylomicrons in the bone marrow found higher
uptake of these nanoparticles in the marrow
perisinusoidal ~ macrophages of rabbits and
marmosets, but not in rats, guinea pigs, and dogs [83].
It was observed that in rabbits and marmosets,
macrophages processes protruded through the
sinusoidal endothelium into the marrow sinus; data
from other species were not reported [83].

Lungs. Pulmonary alveolar macrophages, which
adhere to the capillary endothelium of the alveoli (i.e.,
exposed to blood stream) and are primarily
implicated in the clearance of inhaled nanomaterials,
are reportedly larger and have superior phagocytic
capability in humans as compared to rodents, dogs, or
non-human primate species [9]. Another population
of giant phagocytosing cells (20-80 um) identified in
the lungs of pigs and sheep, and capable of clearing
nanomaterials within minutes of intravenous
administration are known as pulmonary intravascular
macrophages [84-86]. These cells elicit a
tachyphylaxitic =~ complement  activation-related
pseudo-allergy (CARPA) in pigs upon exposure to

nanoparticles, leading to the rapid onset of
cardiorespiratory  symptoms (e.g., pulmonary
vasoconstriction, bronchoconstriction, and
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pulmonary hypertension) similar to infusion reactions
observed in clinical patients with PEGylated
liposomal anticancer drugs [69, 86]. Although these
macrophages are not present in the lungs of other
preclinical animal models (i.e., mice, rats, dogs) or
humans under physiological conditions, evidence
suggest that they can be induced in the lungs of
rodents and humans under certain disease states, such
as sepsis, liver cirrhosis, and numerous
intrapulmonary pathologies [87]. Thus in the context
of infusion reactions towards nanomaterials, Szebeni
et al. have hypothesised “hepatopulmonary
macrophage migration” in humans wherein activated
liver and spleen resident macrophages are induced to
migrate to the lungs during an infusion, triggering
cardiorespiratory symptoms in a similar manner to
pulmonary intravascular macrophages [69]. This
hypothesis has yet to be verified experimentally.

Kidneys. Renal physiology exhibits good
allometric relationships with body weight [12].
Anatomical differences in the relative number of
nephrons per gram of kidney tissue are higher in
small animals than in humans [88]. There have been
no noteworthy species differences reported in the
vascular architecture and immunological function of
the kidneys related to the elimination (renal excretion)
of nanomaterials [89].
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Mechanistic modelling of nanomaterial
disposition and pharmacokinetics in
humans with physiologically-based
methodologies

An introduction to mechanistic modelling
tools of pharmacokinetics

The most frequently reported mathematic
models for analysing nanomaterial pharmacokinetics
are either empirical (e.g., sum of exponential terms) or
compartmental (e.g., one- or two-compartment
models) (Figure 4A). These models provide simple

mathematical ~ descriptions  of  experimental
concentration-time profile data with the fewest
assumptions  for the physiological systems
surrounding the data—making them  both

computationally simple and helpful for describing
and interpolating pharmacokinetic data. However,
the lack of physiological meaning in the
compartmental and/or parametric relationships these
models describe creates challenges when trying to
extrapolate existing pharmacokinetic profiles to
different species or for different doses, for example
[90]. To address this extrapolation issue, mechanistic
modelling approaches are preferred since they seek to
integrate information about the biological and
physiological processes that underlie nanomaterial
disposition and pharmacokinetics into the model
assumptions and  mathematical  descriptions
(equations) of experimental data. Thus, these models
can simulate new pharmacokinetic profiles with
discrete changes in the model assumptions and
variables, and without requiring entirely new
experimental data.

QLU QLU

o
=1
]

Figure 4. Empirical versus mechanistic pharmacokinetic modelling approaches. A. An example of a two-compartment model parameterised in micro-rate
constants ki2 and kai (distribution rates between central and peripheral compartments) and kio (clearance rate from central compartment). Two-compartment models provide
simple mathematical descriptions of experimental concentration-time profile data with the fewest assumptions for the physiological systems surrounding the data—making them
both computationally simple and helpful for describing and interpolating pharmacokinetic data. B. An example of a whole body physiologically base pharmacokinetic model
(WBPBPK) where compartments represent actual tissues and organs arranged anatomically. Connecting arrows represent blood supplies and elimination processes can be
attributed to some organs (e.g. liver and kidney, dotted arrows). Various routes of administration can be represented (intravenous and per os illustrated here). The model
depicted here can be extended (empty box at the bottom) to incorporate additional organs. These models can simulate new pharmacokinetic profiles with discrete changes in
the model assumptions and without requiring new experimental data. Graphics adapted from [31].
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Physiologically based pharmacokinetic (PBPK)
methodologies are an example of mechanistic
modelling  wherein  the  disposition  and
pharmacokinetics of a nanomaterial are described by
their mass  transport between  individual
compartments representing real anatomical structures
and interconnected by blood flow (Figure 4B). These
models describe pharmacokinetic behaviours in
relation to blood flows, tissue volumes, routes of
administration, biotransformation pathways, and
interactions with organs, tissues, and cells [31]. Within
each compartment, kinetic processes like diffusion
and convection, membrane permeability, protein
binding, transport kinetics and metabolism can be
included based on species-specific and drug-specific
input parameters. The steps for designing a PBPK
model  specific for simulating nanomaterial
disposition and pharmacokinetics are detailed in Box
2. The key advantage of these models is that by
accounting for the critical physiological characteristics
and biological determinants of nanomaterial
disposition and  uptake, extrapolation for
dose-response and organ exposure can be performed
more accurately and under several physiological
conditions (e.g., different species, disease states,
routes of administration, etc.). Thus, PBPK models can
be powerful quantitative tool for understanding and
predicting the therapeutic efficacy and toxicity
hazards of nanomaterials during the discovery and
development phases.

Modifications of PBPK frameworks to model
MPS organ uptake of nanomaterials

distribution of nanomaterials to these organs is well
documented and our collective knowledge of the
physicochemical, physiological and biological
determinants of nanomaterial interactions with MPS
organs is steadily growing [48, 74, 91, 92]. However,
the inclusion of MPS uptake in PBPK models is not
always straight forward since the endocytosis kinetics
are likely both concentration- and time-dependent, for
which fixed model parameters cannot accurately
portray. One simple solution is to incorporate rate
equations for describing nanomaterial transport into
the tissue compartment as concentration-dependent,
saturable uptake mechanisms (i.e, using a
non-Michaelis-Menten type function of negative
cooperativity) [93]. Saturation-based mechanism
models have proved superior to the linear (or fixed
parameter) uptake mechanism when fitted to
experimental preclinical and clinical datasets [93].
More recent approaches have included separate
representations of endocytosis and related cellular
uptake processes (e.g., “profession” endocytosis or
phagocytosis) as saturable, permeability rate-limited
sub-compartments in the MPS organs (Figure 5).
These approaches have been implemented for
modelling intravenously administered PEGylated
polyacrylamide (PAA) nanomaterials [94], PEGylated
gold nanomaterials of varying size [95, 96], and gold
nanorods and titanium dioxide nanomaterials [97].
The model parameters commonly used for describing
the kinetics of cellular endocytosis include the
maximum uptake capacity and uptake rate, which are
determined either mathematically during model
optimisation or, preferably, from in vitro in vivo

Perhaps the most critical transportation  extrapolation  studies ~ with  tissue-specific
mechanism in the context of many intravenous  macrophages.
nanomaterials is uptake in MPS organs: liver, spleen,
kidneys, lungs, lymph nodes and bone marrow. The
Endocytosis compartment Endocytosis compartment 0(7_ Vascular space
C C, o
bk, o K |1 Ko =] e G i T
Keal ” K...,—(ww n (Keol" + Coe® 1l (i i
1l ] Extravascular | Endocytosis !
QrCvur | vascular space @Cam Extravascular space space compartment | 1
Cynr LA V.. C..= Cr Y = :
It = e [T LjcL [ |
H PA; = PAC, x Q |T PA; = PAC, x Q; Yo a’l =pe
1
al =T i
Vem Con= Kpry QrCynr H Cvuir QrCapi - Lymphatlc = Lymph - '--=
Extravascular space Vascular space Q space node

Figure 5. Modifications to PBPK frameworks for nanomaterials with MPS uptake. Options for representing the cellular endocytosis/uptake of nanomaterials in
permeability rate limited compartments. The endocytosis of nanomaterials can occur either directly from capillary blood (i.e., by endothelial cells or macrophages directly lining
the capillary walls) (A), by macrophages in the tissue (B), or in the lymph (C). Selection of the appropriate representation for cellular endocytosis will depend on the nanomaterial
type (e.g., predominantly nanomaterial size dependent) and the availability of experimental distribution data. The Hill equation is shown here for modelling the nonlinear
time-dependent (as in A) or concentration-dependent (as in B) uptake rate (Ku) of nanomaterials into the endocytosis compartment (tissue specific) [95]. Physiological
parameters (e.g., blood flows, tissue volumes, etc.) are nanomaterial independent and can usually be retrieved from literature. Physicochemical- and biochemical-related model
parameters (e.g., tissue-to-plasma distribution coefficient (Kpri), tissue permeability-surface area product (PAT), endocytosis velocity (kmax) and half-maximal constant (kso), etc.)
are nanomaterial dependent and must be determined either by estimation from data-fitting or empirically from in vitro to in vivo extrapolation studies. The complex convectional
(or cyclical) transportation of nanomaterials between the lymphatic system and tissue interstitial space, and the blood circulation are illustrated in C. Graphics and equations for

A and B adapted from [31, 95].
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Special consideration for the orientation of
nanomaterial flux (rate functions) into the endocytic
sub-compartment is required since phagocytosis of
nanomaterials has been described occurring either
directly from the blood (i.e., by endothelial cells or
macrophages directly lining the capillary walls), by
macrophages in the tissue, or from the lymph (Figure
5) [95, 98]. For example, PBPK model simulations for
smaller sized nanomaterials (e.g., 13 nm to 35 nm)
perform better when cellular endocytosis is limited to
within tissues (Figure 5B), whereas larger
nanomaterials (e.g., > 100 nm) are better simulated by
endocytosis occurring directly from the blood (Figure
5A) [94, 95]. Models implementing endocytosis-
related mechanisms have reported excellent
regression coefficient (R? > 0.97) between the model
simulated and measured data when species-specific
endocytosis-related parameters are known [96].
Although these improvements provide more accurate
physiological ~ descriptions  of = nanomaterial
pharmacokinetics, especially in the MPS organs, most
models still simplify endocytic transportation to a
single common that does not account of the complex
roles of physicochemical properties, protein corona,
and phagocytotic differences between organs (e.g.,
cell type, density) and between species (detailed in
Box 1). These differences should be more rigorously
considered in future PBPK frameworks, especially for
applications in  extrapolating  nanomaterials
demonstrating significant clearance/elimination by
MPS uptake in humans.

Examples of PBPK modelling applications for
nanomaterials

Rational design of nanomaterials

One of the first practical demonstrations with
whole body PBPK modelling with nanomaterials was
for studying quantitative relationships between
specific physicochemical properties (e.g., size, surface
chemistry and charge, etc.) and observed or simulated
ADME profiles [99]. Working with pharmacokinetic
data from intravenously administered PEGylated
poly(lactic-co-glycolic acid) (PLGA) nanomaterials
with varying methoxypolyethylene glycol (mPEG)
contents in mice, the authors identified good linear
and nonlinear relationships between model
parameters describing biodistribution kinetics (i.e.,
diffusion, tissue-to-blood partition, and excretion
coefficients) and  individual  physicochemical
properties (ie., size, surface charge, and mPEG
content). These relationships were then used to
estimate the parameters of an independent
PLGA-mPEG  nanomaterial based on its
physicochemical properties, where upon simulation
with in PBPK model yielded biodistribution estimates

that closely agreed with experimental data. A similar
studyhasalso been performed with poly(amidoamine)
(PAMAM) dendrimer-colloidal gold composite
nanodevices of varying sizes and surface charges
[100]. It is important to note that leveraging PBPK
modelling to establish quantitative property-ADME
profile relationships does not overcome the key
limitation of rational design approaches: that is, the
relationships established cannot be generalised across
all nanomaterial types, but rather are descriptive of
only mnano materials with highly similar
physicochemical properties and pharmacokinetic
profiles.

Generalizable PBPK models for multiple nanomaterial
type

Carlander et al. reported the development of a
PBPK modelling platform intended for describing the
biokinetic profiles of intravenous nanomaterials with
diverse physicochemical properties and disposition
profiles [97]. The authors modified an existing PBPK
model [94] by incorporating a common saturable
endocytosis sub-compartment and mechanism in all
organs; a design feature emphasised as a critical for
ensuring the generalisability of their model for
intravenous nanomaterial biokinetics. However, this
oversimplification of nanomaterial phagocytosis to a
single mechanism overlooks studied differences in the
pathways and uptake capacities of endocytosis cells,
which can depend greatly on physicochemical
properties and may be highly heterogenous across
nanomaterial types [26]. After optimising for
nanomaterial-dependent (i.e., tissue-blood
permeability coefficient) and endocytosis-related (i.e.,
maximal phagocytosis capacity) model parameters for
four different nanomaterial types, the authors
obtained adequate correlations between the model
simulated and experimental distribution data: R2
ranged between 0.88 (gold nanorods), 0.91 (titanium
dioxide), 0.94 (polyacrylic acid) and 0.96
(PEG-polyacrylic acid) [97]. Unsurprisingly, the
authors found large differences amongst the sets of
optimised model parameters with each nanomaterial
type. For instance, 100-fold extreme differences were
observed for the rate of phagocytotic uptake, maximal
phagocytotic capacity, and plasma half-life between
nanomaterials  (primarily = between  inorganic
nanoparticles and organic nanoparticles) [97]. A
unique finding that emerged during the model
optimisation step was the vulnerability of estimating
endocytosis-related parameters using only a single
nanomaterial dose [97]. The high sensitivity
coefficients of the simulations to dose highlights
important considerations for optimising PBPK model
parameters with biokinetic data from multiple dose
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levels, especially in cases where the pharmacokinetic
profile exhibits dose-dependencies (or nonlinearity).
Future efforts for fully generalisable nanomaterial
PBPK models will require more thorough
investigation and integration of quantitative
relationships between properties and biokinetics for
multiple nanomaterials types and properties, and at
multiple doses in multiple animal species.

Extrapolating nanomaterial pharmacokinetics in
humans with PBPK modelling

The most sophisticated demonstration of
nanomaterial biokinetic and pharmacokinetic profile
extrapolation in humans with PBPK modelling was a
computational framework developed by Lin et al. for
gold nanomaterials [96]. In theory, extrapolation of a
validated preclinical PBPK model to humans should
be as simple as altering the physiological parameters
to be human-specific while keeping nanomaterial-
and endocytosis-related parameters similar to their
optimised preclinical values. However, upon
performing extrapolation in this manner using mouse,
rat, and pig specific models, the authors discovered
that the simulated data of gold distribution in humans
inadequately matched observations (R? < 0.87) [96].
Revising the endocytosis-related model parameters to
either account for interspecies differences in densities
of liver Kupffer cells (pig model) or for empirical
differences in dose-dependent biokinetics (rat model),
improved the correlation of the simulated human data
to R2 > 0.93 [96]. The discovery that the revised
models developed for gold nanomaterial specifically
in rats and pigs yielded superior animal-to-human
extrapolation is highly novel. It was hypothesised that
anatomical, physiological, and immunological
similarities of phagocytosing cells in the MPS organs
of rats, pigs, and humans (but not mice) resulted in
the improved correlation with human data following
revision [96]. Comparison of many common
physiological parameters (e.g., cardiac output, blood
volume fraction in liver or spleen, etc.) reveals further
closeness between pigs and humans, while mice
generally exhibit 3-fold differences from humans [95].
Thus, this study highlights once more the importance
of selecting appropriate animal models with
physiological likeness to humans for collecting
biokinetic data used to optimise and validate
mechanistic PBPK models, failure of which leads to
inaccurate extrapolations of nanomaterial disposition
(ADME) and pharmacokinetics in humans.

PBPK-based approaches for extrapolating
nanomaterial toxicity in humans

There is a growing appreciation for the potential
role of PBPK modelling to guide nanomaterial

discovery and development with accurate predictions
of organ exposure and dose-response profiles in
humans. However, predicting toxicities and adverse
events in humans ex nihilo remains limited since the
mechanisms of toxicities on the scale of an entire
living organism are often complex and unanticipated.
Rather, the PBPK framework can be used best to
generate insightful hypotheses for nanomaterial
toxicokinetic and toxicologic profiles. For example,
the sequestration of nanomaterials in the
phagocytosing cellular populations of tissues is highly
informative for predicting the efficacy and toxicologic
risks associated with their disposition. Sequestration
may be beneficial for avoiding direct toxicities and
damage to healthy tissue cells (e.g., sequestrations in
Kupffer cells prevent hepatotoxicity [48]). Conversely,
the desorption of nanomaterials, especially the
nondegradable variety, from phagocytosing cells back
into surrounding tissues over time can extend organ
exposure long after the majority of the dose has been
eliminated. For nanomaterials with drug delivery
functions,  consideration for the intended
pharmacological effects of the drug needs to account
for reduced delivery to target cells whilst the
nanomaterial remains captured in phagocytosing
cells.

The mechanistic nature of PBPK frameworks
make them easily amendable to incorporating
experimental toxicologic data from in vitro in vivo
extrapolation (IVIVE) studies or from toxicity studies
in multiple species, such as NOAELs and MTDs. One
study described the extrapolation of gold nanoparticle
toxicities to humans using multispecies in vitro and in
vivo toxicity data and PBPK modelling, successfully
estimating the associated human equivalent dose
(HED) of nanoparticles for cytotoxicity, and hepatic
and haemolytic toxicities [96]. Another study sought
to model the formation of anti-PEG antibodies to
PEGylated drugs in mice and humans using a
minimal two-compartment PBPK framework [101].
Specifically, the model included physiological
parameters describing antibody behaviours (e.g.,
production, stimulation and elimination, diffusion,
etc.) and the opsonisation kinetics to PEGylated
drugs, and was validated with pharmacokinetic data
of PEGylated liposomes exhibiting
antibody-mediated accelerated blood clearance in
mice. The authors reported accurate simulations not
only of clinical pharmacokinetic behaviours of
antibody-mediated clearance and memory response
to multicycle doses of PEGylated liposomes, but also
estimated in humans the concentration of antibodies
needed (~500 ng/mL) to elicit an accelerated blood
clearance effect [101]. These two examples speak to
the promising role of leveraging PBPK models to
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extrapolate discoveries from IVIVE toxicity studies to
assess nanomaterial safety in humans.

Future directions for nanomaterial PBPK
modelling approaches

In the context of simulating nanomaterial
disposition and pharmacokinetic profiles with
PBPK-based methodologies, three challenges remain
outstanding. The first challenge is how best to
represent nanomaterial metabolism and related
chemical degradation processes into model designs,
equations, and parameters. Species variations in liver
enzyme function (e.g., microsomal P450 systems) can
lead to  remarkably  differences in  the
pharmacodynamics and toxicities of metabolised
drugs [102, 103]. Most of the nanomaterial PBPK
models reported in literature circumvent this issue
because the nanomaterial types
studied — predominantly inorganic and
polymeric—are practically nondegradable on the
timescale of most physiological processes. However,
chemical and metabolic transformations in the context
of even nondegradable nanomaterials can lead to
significant changes in their physicochemical
properties and organ distributions. For example,
degradation of the polymeric shell coating PEGylated
gold nanoparticles by proteolytic enzymes in the liver
transformed the properties and integrity of the
nanoparticles, producing divergent distribution
patterns between the gold core (to the liver) and the
polymer fragments (to the kidneys) [104]. Similar
property changes to nanomaterials may lead to
aggregation or agglomeration in tissues or in
endocytic cells[57], affecting their biophysicochemical
interactions and ultimately their disposition profiles
in a manner undescribed with conventional PBPK
model equations and physiological parameters [90,
105, 106]. An obstacle to better understandings of
nanomaterial aggregation and degradation is the lack
of reliable analytical techniques for directly
measuring and characterising these transformations
in vivo. Consequently, first-order time-dependent
degradation kinetics are commonly assumed for most
nanomaterials [90, 106]. In vitro assays can play a
significant role by estimating the degradation rate
constants as initial values of model parameters, which
can be further optimised by fitting the model with
available experimental data.

Another challenge yet to be addressed is how to
account for the transportation kinetics of lymphatic
uptake. Few examples of PBPK frameworks
representing the lymphatic system uptake of
intravenous nanomaterials are available, in spite of
it's known role for accumulating macromolecule
drugs and nanomaterials from the tissue interstitium

and altering their overall disposition [106, 107]. The
challenge with representing the lymphatics is the
additional complexity and uncertainty they add to
PBPK model structures and mathematical
descriptions of the convectional (or cyclical)
transportation of nanomaterials between the
lymphatic system and tissue interstitial space, and the
blood circulation via deposition (as in Figure 5C).
Therefore, without sufficiently detailed experimental
data on nanomaterial disposition in the lymph, the
validation of model assumptions regarding lymphatic
structures and transportation parameters is very
difficult. It has been suggested that for most
intravenously administered nanomaterials, since the
MPS organ uptake will usually dominate lymphatic
accumulation, the omission of lymphatic uptake is a
reasonable compromise to avoid unsolvable PBPK
models [90]. However, this assumption requires
careful consideration of nanomaterial types that share
physicochemical properties notable for specific
enhancement of nanomaterial accumulation in lymph
nodes [107].

Finally, representations of tumours in PBPK
models of nanomaterials remain largely unexplored,
despite the extensive uses of nanomaterials for
preclinical and clinical applications in tumour
theranostics and drug delivery. Owing to their
abnormal physiological features and highly variable
transportation mechanisms, modelling the kinetics of
nanomaterial deposition in tumour tissue can be
especially  challenging[108]. The dominant
transportation = phenomena in  tumours for
intravenously nanomaterials is the EPR effect,
wherein the leaky tumour vasculature permits the
preferential ~extravasation of long circulating
nanomaterials into the tumour interstitium [109]. The
extent of this accumulation can vary depending on the
characteristics of the nanomaterial (e.g., size and
shape), the heterogeneity of blood flow and
microvascular permeability, structural barriers,
intratumoural pressure, and reduced lymphatic
drainage [109]. Unsurprisingly, there have been well
documented and significant differences in the EPR
effect and nanomaterial delivery among different
tumour types (e.g., breast, lung, colon, etc.) and
between animal tumour models and similar tumours
in patients [110].

PBPK-based modelling efforts for nanomaterial
tumour uptake have traditionally focused on
simulating anticancer drug release kinetics into the
tumour interstitium or tumour cells. The approaches
described so far have ranged in complexity from
simple single tumour compartment representations
[111, 112] to intricate tumour structures subdivided
into vascular, interstitial, and cellular

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 11

3382

sub-compartments (Figure 6A) [81, 113]. The
advantages of complex PBPK tumour models are the
mechanistic insights they can provide regarding the
distribution of nanomaterials in tumours and their
overall therapeutic efficacy. However, practical
disadvantages with model complexity include: (i) lack
of data from literature to estimate initial model
parameters and (ii) the necessity for obtaining highly
detailed experimental data of nanomaterial tumour
disposition in order to appropriately validate model
parameters and assumptions. As a compromise on
complexity, it has been suggested that the two-pore
compartment formalism might be leveraged for
modelling tumour uptake of nanomaterial since it can
account for kinetic transport differences such as
passive diffusion of nanomaterials from blood vessels
into tumours versus convective-based EPR effects
(Figure 6B) [106]. Experimental evidence has
demonstrated that nanomaterial tumour permeability
is at least partially dependent upon vascular pore size,
but the sizes of pores in animal xenograft can be
highly variable, ranging from hundreds of
nanometres to microns [114, 115]. Examples of the
two-pore compartment approach for PBPK-based
modelling of nanomaterial disposition in tumours
have yet to be reported.
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Figure 6. Representations of tumour compartments in nanomaterial
PBPK models. A. Complex representation of a multi-compartmental tumour
structure subdivided into vascular, interstitial, and cellular sub-compartments and
using the membrane limited organ model. The solid lines represent the transport of
the nanomaterial and the dashed lines the transport of the payload. Graphic adapted
from [121]. B. Generic representation of tumour using the two-pore compartment
formalism. The large pores (1.5 um here) model transport of nanomaterials through
intercellular openings due to convection (i.e., EPR effect) and the small pores (0.6 um
here) passive diffusion into and out of the tumour via transcellular pores [115]. Note
that the mathematical description of transport kinetics (as opposed to physical pore
size) are what matters for model design work. These models generally yield superior
simulations compared to standard membrane limited (or one-pore) models for
antibodies [119]. Graphic adapted from [118].

Summary of PBPK modelling of nanomaterial
disposition and pharmacokinetic profiles

The development and application of mechanistic
PBPK modelling for nanomaterial biokinetics has
been steadily growing over the past decade, with
useful demonstrations for the rational design of
nanomaterial properties and for extrapolating
nanomaterial dispositions profiles in humans for
toxicity —assessments. The advantage of this
extrapolation approach is that the scaling of
pharmacokinetic profiles between species is based on
physiological (system) information (as opposed to
assumptions of interspecies scaling relationships) that
can better represent the key physiological and
biological determinants of nanomaterial disposition.
Thus, PBPK models can be powerful quantitative tool
for understanding and predicting dose-response
relationships and toxicity hazards of nanomaterials in
untested species during the discovery and
development phases. However, challenges still
remain over how best to represent in a PBPK
framework (i.e., with rate equations and model
parameters), the complex transport mechanisms
underlying nanomaterial disposition such as passive
diffusion, MPS uptake, the EPR effect, etc. For now,
the oversimplification of these nanomaterial and
species dependent phenomena to a single mechanism
may be advantageous for ensuring PBPK models do
not become too complex to solve. Future modelling
efforts for nanomaterials will require more
comprehensive study of these physiological
mechanisms individually, especially if these are found
to result in disposition profiles resulting in toxicities.
The best strategies for applying PBPK modelling
embrace iterative modification to the model designs,
equations, parameters and assumptions upon the
availability of new preclinical knowledge and clinical
observations  (so-called  “predict-learn-confirm”
cycles) in order to create a more accurate tool for
stimulating nanomaterial disposition and
pharmacokinetics in humans.

Overall, the following points can be concluded
for PBPK modelling tools of nanomaterial disposition
and pharmacokinetics in humans:

e Whole body PBPK models designed for
simulating nanomaterial  disposition and
pharmacokinetic profiles, and optimised with
preclinical rodent and nonrodent data, have
successfully simulated distribution profiles
observed in humans. Most PBPK models are
currently designed and optimised for a single
nanomaterial type, although efforts to create
generalisable models based on quantitative
nanomaterial property-ADME profile
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relationships are ongoing.

e Nanomaterial property-related model
parameters such as the distribution coefficient
and parameters describing the MPS uptake and
endocytosis can be estimated reasonably from
data-fitting ~ with  acceptable  sensitivity
coefficients. However, attention should be paid
to the physiological differences between
preclinical animals and humans, particularly
with respects to species-specific differences in
the MPS and primary elimination organs (see
Box 1), overlooking of which can lead to
inaccurate stimulated data in humans.

e Representation of the MPS uptake of
nanomaterials as membrane rate limited
endocytosis sub-compartments is a required
design feature in many nanomaterial PBPK
models.  Selection of the appropriate
representation for MPS uptake and endocytosis
will depend on the nanomaterial types and their
physicochemical  characteristics, and the
availability of experimental data (preferably
from IVIVE studies) with which to validate
PBPK model parameters and assumptions.

e PBPK models can be used to generate insightful
hypotheses for nanomaterial toxicokinetic and
toxicologic profiles in humans, and for
extrapolating from test species the MRSD for
clinical phase 1 trials. Predicting toxicities and
adverse events in humans with PBPK modelling
remains limited since the mechanisms of
toxicities on the scale of an entire living
organism are often complex and unanticipated.
Irritative modification of nanomaterial-based
PBPK models with updated preclinical and
clinical observations of disposition and toxicity
will improve their predictiveness for untested
clinical outcomes in humans.

e Challenges remain regarding the appropriate
representations in PBPK frameworks for
nanomaterial metabolism and related chemical
degradation processes, and for the uptake and
transportation of nanomaterials in the lymphatic
system and tumours. Addressing these
challenges will require balancing model
complexity with the availability of experimental
with which to validate model parameters.

Box 2. The design of physiologically based
pharmacokinetic (PBPK) models for nanomaterials.

The first step in the design of every PBPK model is
the selection of appropriate organs and tissues to
represent in the structure. Core tissues typically
include the blood compartments, the eliminating
organs, sites of administration (i.e., if not intravenous)

or sites of action, and any other organ expected to
contribute significantly to the mass balance of the
nanomaterial. The organs are arranged anatomically
and with attention to blood flow patterns, as in the
hepatic portal system, and clearance pathways (as in
Figure 4B). A practical consideration when selecting
organs to represent in a model structure is the
availability of experimental data and information on
tissue-specific nanomaterial interactions. Overly
complex models create challenges and uncertainties
for parameter estimation and model validation. When
metabolic products are also of interest, a parallel
sub-PBPK structure can be created for each metabolite
originating at the site of biotransformation and
transiting to all the other compartments in the model.

The second step is to describe the movement of
nanomaterials within each organ compartment with a
mass balance differential equation. All the
compartments of a PBPK model are interconnected
through the time-dependent mass transportation of
the nanomaterial and its metabolite(s) passing among
them through blood circulation. The mass transfer
functions governing each organ can be considered
either perfusion rate limited or permeability rate (or
membrane) limited. Perfusion rate limited organs
assume that nanomaterial transport into and
distribution throughout the organ is instantaneous
and without the creation of concentration gradients
within (i.e., a well-stirred compartment assumption).
In these organs, the rate-limiting step controlling to
movement of nanomaterials into and out of the organ
is the blood flow to the organ. Perfusion rate limited
PBPK models have been used to study quantum dots
[98, 116]. However, subsequent studies revealed that
this compartment assumption could not adequately
predict the complex tissue pharmacokinetics quantum
dot nanomaterials exhibited in the liver and kidneys
[98, 117].

Conversely, membrane limited organs integrate
membrane barriers that restrict the distribution of
nanomaterials within the organ, typically by creating
one or more well-stirred sub-compartments with
permeability rate limited transfer between each (as in
Figure 5A-B). Practically, the use of membrane limited
organ model should be adopted if the
tissue-nanomaterial concentration does not decline in
parallel with concentration in the blood. Numerous
reports of PBPK-based nanomaterial modelling have
determined that simulations with membrane limited
organ models yield superior correlation coefficients
with experimental data in comparison to perfusion
rate limited models, especially for smaller sized and
strongly charged nanomaterials [95, 99].

A third variation of the membrane limited model
is known as the two-pore formalism, intended for
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explaining the paracellular transport of antibodies
(~145 kDa) and other macromolecules into the
interstitial space through differently sized pores in
blood vessel walls (as in Figure 6B) [118, 119]. This
model was developed to account for the unique
biphasic relationship between molecular weight and
membrane permeability exhibited by macromolecules
crossing capillary walls in vivo. It was proposed that
two set of pathways exist for paracellular
transportation: a system of small (~45 A) pores for
passive diffusion and a system of large (~250 A) pore
for convective-based passage. Although this model
requires complex mathematical representations for
the different osmotic reflections and flow rates
between each pore size, the resulting simulations are
generally superior to standard membrane limited (or
one-pore) models [119]. The two-pore model is of
particular interest for nanomaterial modelling since
convective transport-based effects such as the EPR
effect are regarded as the dominant transportation
mechanism for accumulation in tumours [106].

The third step is to create and define model
parameters, including physiological constants and
nanomaterial-specific factors that together describe
mathematically the nanomaterial’s disposition.
Physiological parameters (e.g., blood flows, tissue
volumes, tissue composition, etc.) are nanomaterial
independent and can usually be retrieved from
literature. On the other hand, physicochemical- and
biochemical-related = model  parameters (e.g.,
tissue-to-plasma  distribution  coefficient, tissue
permeability-surface area product, enzymatic activity,
etc.) are nanomaterial dependent and must be
determined either by estimation from data-fitting or
empirically from in vitro to in vivo extrapolation
studies. The typical approach for parameter
estimation begins with setting the physiological
parameters to a value defined in literature, followed
by irritative simulation of the nanomaterial-specific
parameters and fitting against experimental data until
strong correlations between the simulated and
measured data are obtained.

A nanomaterial-specific parameter of particular
interest for modelling nanomaterials is the
tissue-to-plasma distribution (or partition) coefficient,
a parameter that accounts for the uneven steady state
distribution of nanomaterials between the interstitial
tissue fluid and the blood plasma in each organ. This
model parameter is estimated empirically and
represents the influence of several physiological
processes such as disposition (ADME), protein
binding (protein corona formation) or opsonization,
transportation through blood capillaries,
phagocytosis, transcytosis, and endocytosis. For
nanomaterials, the distribution coefficient favours

higher concentrations in the vascular compartment
over the tissue (interstitial) space; it has been
suggested that differences in the composition of the
protein corona between the blood and interstitial
environments  greatly =~ shapes  nanomaterial
interactions with blood vessel mural cells [63, 94, 105].
Regardless of its physiological interpretation, the
practical purpose of the distribution coefficient is to
improve the correlation of PBPK model simulations
with experimental data, and there is growing
evidence for the early-phase pharmacokinetics of
smaller sized nanomaterials this parameter is
especially significant [97, 120].

The final step of PBPK model development is to
estimate and optimise the nanomaterial-dependent
model parameters using experimental data and a
numerical integration algorithm (e.g., fourth-order
Runge-Kutta method, Markov chain Monte Carlo
(MCMC) techniques, etc.) to solve the set of mass
balance (ordinary) differential equations [31]. Because
available PBPK modelling software has limited
functionalities for nanomaterials, investigators
typically must program their models into numerical
analysis software (e.g., MATLAB-Simulink, ACSL/
acslXtreme, etc.) and solve the differential equations
to obtain the optimised parameters. With optimised
parameters estimated, the model is lastly validated
against an independent dataset to confirm the model
assumptions and parameter values. Validation also
includes a parameter sensitivity analysis and an
uncertainty analysis to identify highly influential
parameters whose impact on the simulation is
greatest. Notably, both nanomaterial-dependent and
physiological (or nanomaterial-independent)
parameters can be identified upon sensitivity analysis
as being impactful on the simulation.

Conclusion

The investigators toolbox for interpreting and
extrapolating disposition (ADME), pharmacokinetic
and toxicokinetic data of nanomaterials in multiple
species continues to expand as better modelling
approaches and more experimental data are
continually being added. Unfortunately, the
challenges and nuances of studying nanomaterial
disposition and pharmacokinetics is widely
underappreciated and oftentimes misapplied. Herein
we have highlighted two complementary research
tools for assisting investigators with understanding
the principles of interspecies extrapolation and
modelling approaches (Figure 1), current applications,
and the advantages and limitations of each.
Allometric scaling relationships are routinely used
(and expected by regulatory agencies) to extrapolate
nanomaterial pharmacokinetics in humans and to
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establish the MRSD for clinical phase 1 trials in spite
of acknowledged limitations with this extrapolation
approach’s accounting for the exceptional properties
and in vivo behaviours of nanomaterials. Mechanistic
PBPK models for simulating nanomaterial disposition
and pharmacokinetic profiles are steadily improving
in sophistication (e.g., for representing nanomaterial
transport phenomena), and evidence for their use in
de novo analyses of investigational and
clinically-approved nanomaterials is growing. With
proper knowledge and consideration of the
challenges and requirements for using these research
tools, the clinical translation and development of
promising nanomaterial candidates will undoubtedly
benefit from more accurate predictions of
pharmacokinetic =~ parameters and dose, and
assessments of safety and toxicity in humans.
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