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A number of nanotechnology-enabled drug delivery platforms are in varying
stages of drug development. While, physiologically-based pharmacokinetic (PBPK)
modelling has become a well-established tool for conventional medicines from

preclinical to post-licensing environments, its application for nanomedicines
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is in its infancy. Part of the reason for this is that the fundamental mechanisms

that underpin drug-handling within the body are not as well understood for
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nanoparticles. A number of recent initiatives aim to further develop PBPK

modelling for nanomedicine applications but more fundamental knowledge of
the relevant anatomical, physiological and pharmacological processes influencing

distribution is required for robust computational prediction.
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Purpose

The purpose of this editorial is to summarise progress towards
robust  physiologically-based  pharmacokinetic  modelling
approaches as applied to the development of nanomedicines.
The authors stress the need for additional mechanistic data
regarding the interaction between nanoparticles and biological
systems, needed to inform such in silico approaches. Finally, a
number of recently funded initiatives are overviewed that should
help address some of the current knowledge gaps.

Main Text

The delivery of therapeutic agents is characterised by numerous
challenges including poor absorption, low penetration into
target tissues and non-specific dissemination throughout the
body. Collectively, these issues can influence, drug exposure
as well as toxicity and ultimate efficacy, and therefore robust
prediction in early development is highly desirable. Several
nanomedicine strategies have emerged as advanced approaches
to enhance drug delivery and improve the pharmacodynamics
across several diseases, although a particular emphasis has
been placed on cancer due to early recognition of the enhanced
permeation and retention effect. Nanoparticles for drug
delivery can find application either by forming solid polymer
matrix nanoformulations to encapsulate drugs, or through
the construction of vehicles such as micelles, block copolymer
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liposomes / vesicles and nanoemulsions [1]. Different inorganic
oxides such as such as gold, silver, silica and iron have been used
to develop nanoparticles which than can be conjugated with
therapeutic agents. The application of nanotechnology to drug
delivery is gaining momentum and is expected to dramatically
proliferate over the coming years. To date, 247 nanomedicine
products have been approved or are in various stages of clinical
study [2] and the global nanomedicine market was recently
predicted to reach $528 billion by 2019 [3]. In the last 10 years,
it is estimated that more than one thousand companies have
been engaged in development of nanotechnology applications
in medicine (source: NanoWerk database). The increasing
popularity of nanomedicines is also exemplified by the increase in
the associated literature, with the number of articles associated
with the search term “nanoparticle” now having comfortably
exceeded that of “monoclonal antibody” (Figure 1).

The processes that underpin exposure to nanomedicines are not
as well understood as conventional medicines and current early
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preclinical development places great emphasis on rigorous in
vivo assessment. Since efficacy and toxicity of therapies can be
influenced by nanoparticle distribution [4], the appropriateness
of existing regulation for nanomedicines has been the subject of
significant recent debate [5, 6]. Consequently, understanding the
interactions between nanomaterials and the human body is of
great importance to efficient development of safe and effective
new drug delivery systems, and requires a rigorous understanding
of how the physical properties of the materials superimpose
upon the relevant anatomy, physiology and pharmacology.

Physiologically-based pharmacokinetic (PBPK) modelling is now
widely recognised as a powerful pharmacological tool to simulate
the pharmacokinetics and distribution of drugs. PBPK modelling
can be applied to medicine optimisation either during preclinical
/ clinical development or post-licensing. Indeed, the European
Medicines Agency (EMA)and the US Food and Drug Administration
(FDA) regulatory guidelines were recently updated to include
PBPK modelling for the purpose of dose finding, assessing drug-
drug interactions, and investigating the utility of dose adjustment
in special populations (e.g. during pregnancy). PBPK modelling
integrates in vitro drug specific data into a mathematical
description of the anatomical, physiological and molecular
processes mediating absorption, distribution, metabolism and
elimination (ADME) to simulate pharmacokinetics. Importantly,
the traction of PBPK modelling as an in silico tool for predicting
pharmacokinetics in vivo in recent years has been underpinned
by the robustness of the knowledge of processes important in
determining small molecule ADME. In addition to the wide
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industrial and regulatory uptake of PBPK modelling, the approach
is also being adopted in the academic environment. Accordingly,
there are now over 1200 publications listed in Pubmed with the
search term “PBPK” (Figure 1).

As well as simplifying the drug development process, by
providing an estimation of the expected pharmacokinetics
in humans or in pre-clinical species, PBPK modelling has
the potential to dramatically reduce the number of animals
needed during preclinical development [7]. Thus, validated
nano-specific PBPK modelling approaches represent a pivotal
advancement for refining, replacing and reducing the use of
preclinical species during development programmes, as has
been achieved for conventional medicines. However, modelling
approaches for nanomedicine applications are currently in their
infancy compared to small molecule drugs with fewer than 20
manuscripts listed in Pubmed for the search term “nanoparticle
+ PBPK” at the time of writing. The processes regulating
pharmacokinetics and distribution of nanoparticles are known
to differ from conventional small molecule drugs, and there is
a current paucity of knowledge across different nanomedicine
platform technologies, which are needed for the development of
robust predictive tools.

It is clear that PBPK modelling can assist in answering questions
that cannot otherwise be examined in pre-clinical development
without a heavy burden on pre-clinical species. The approach
provides the opportunity for rational design of nanomedicines,
identifying strategies to maximise the efficacy and safety of
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Figure 1 Publications per annum listed in PubMed between 1978 and 2015 for the search terms “monoclonal antibodies” versus
“nanoparticles”. The inset demonstrates the number of publications for “PBPK” over the same timeframe.
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novel technologies. However, a better mechanistic understanding
of the molecular, anatomical and physiological events that
define nanoparticle distribution is required, and will serve to
have a beneficial impact on development of novel nanoparticle
assessment strategies. The authors have been active in
development of PBPK models for traditional drug distribution
simulating clinical scenarios such as drug interactions, dose
personalisation, adjustment for special populations [8-12], and
have also recently started to develop models for predicting
pharmacokinetics of nanomedicine candidates [13]. Recently, we
described innovative PBPK models to inform the development
of long-acting injectable nanoformulations for anti-HIV therapy,
predicting the optimal dose and drug release rates across a
panel of commonly prescribed drugs [14]. Additionally, we
recently described a PBPK model for the predicting distribution of
superparamagnetic iron oxide nanoparticles (SPIONs) in animals
and humans, providing a quantitative estimate of nanoparticle
diffusion and accumulation in tissues and organs [15]. However,
more work is required to realise the potential of the approach
for nanomedicines, and the authors are playing an active role
in two initiatives that should help address some of the current
gaps in knowledge. Firstly, the US National Institutes of Health
(NIH) recently funded the Long Acting Extended Release Resource
Program (LEAP) that has a PBPK modelling core at the heart of its
ambition. The LEAP modelling core will be available asaresource to
stake holders actively involved in the development of long-acting
nanoformulations for infectious diseases. Secondly, the European
Commission recently funded the European Nanotechnology
Characterisation Laboratory (EU-NCL) to provide a trans-European
infrastructure, providing materials characterisation to developers
to help facilitate nanomedicine translation. The EU-NCL will
address structure activity relationships (SAR) for nanomaterials
that should address some of the knowledge gaps relating to
nanoparticle-biological interactions.

Conclusion

Although there are clear barriers to achieving widespread uptake
of PBPK modelling in the nanomedicine community, which are
driven by model complexity and current gaps in knowledge,
significant adoption is expected in the future due to the high
priority already given by regulatory agencies to the approach.
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Future research efforts should focus upon a critical understanding
of the interactions between nanomaterials and relevant organs,
with consideration of how these processes may differ according
to physical properties of the nanomaterial including composition,
size, surface charge and morphology.
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