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I. Introduction

In prominent funding and policy statements, a par-
ticle with at least one dimension in the 1-300 nm size
range must have novel physicochemical properties to
count as a “nanoparticle.” Size is thus only one factor.
Novelty of a particle’s properties is also essential to its
“nano” classification.! When particles in this size range
are introduced into living systems, they often inter-
act with their host in novel ways that require some
modification of existing methods and models used by
pharmaceutical scientists and toxicologists for assess-
ing their efficacy and safety.2 It is not clear, however,
whether the novelty of the intended physicochemical
properties is in any way related to the novel behavior
of those particles when their toxicity is evaluated. In
fact, when considering toxicity, much of the concern
about nanoparticles relates to the unanticipated or
poorly understood interactions. Nor is it clear whether
either kind of novelty implies that there are any novel
challenges for regulators or clinical researchers who
must determine whether nanoparticles are safe and
effective when they are used as therapeutic agents in
humans.

In this article, we provide a framework for distin-
guishing between these different kinds of novelty and
for understanding the specific kinds of challenges that
nanoparticles pose for regulators evaluating their use
as therapeutic agents in human subjects. We first dis-
cuss areas of overlap and differences between efforts
to understand and intervene at the nanoscale in
the physical and biomedical sciences. In both cases,
nanoparticles may exhibit properties in common with
larger and smaller constructs of similar composition,
or they may exhibit novel or “emergent” properties.
In both the physical and biological sciences, much of
the novelty associated with nanoscience is due to their
intermediate, or “meso,” size. Thus, if nanoparticle-
based medicines raise unique challenges for regula-
tors, this must involve a kind of novelty that is differ-
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ent from both the unanticipated side effects that are
already managed by the infrastructure associated with
toxicological analysis and clinical trials, and a novelty
that is different from the intended emergent physico-
chemical properties that are of interest to the physical

cle, “nano” is taken to represent a size range that is
agreed to by convention, e.g., 1-300 nm. “Meso” refers
to properties that exist or emerge between lower and
upper scales, the latter two having well worked out
and roughly independent logics of explanation. These

We argue that regulatory challenges associated with evaluating nanotherapeutic
agents arise from the way they interface with a biological mesoscale. As a result
of their mesoscale biological characteristics, there is a qualitative change in
the rates of unanticipated interaction effects; and methods, instruments, and
models used by regulators for evaluating such particles are insufficient, and
must be extended before the proposed therapeutic agents can be properly
evaluated. This requires that research be directed toward stabilizing
the infrastructure used to evaluate the new technology.

scientists who synthesize and characterize those par-
ticles before they are introduced into living systems.
We argue that regulatory challenges associated with
evaluating nanotherapeutic agents arise from the way
they interface with a biological mesoscale. As a result
of their mesoscale biological characteristics, there is a
qualitative change in the rates of unanticipated inter-
action effects; and methods, instruments, and models
used by regulators for evaluating such particles are
insufficient, and must be extended before the pro-
posed therapeutic agents can be properly evaluated.
This requires that research be directed toward sta-
bilizing the infrastructure used to evaluate the new
technology.

While the above-mentioned considerations show
that there are novel challenges associated with nano-
therapeutic agents, these problems are not just found
with nanoparticles. They are similar to problems that
have been raised for protein-based drugs, therapeutic
uses of nucleic acids, and microsphere-based injectable
drug depots. In all these cases, standard assays, meth-
ods, models, and explanatory frameworks cannot be
applied in the way they would be applied for a conven-
tional drug. Instead, evaluation of the therapeutic agent
must simultaneously be coupled with an evaluation and
extension of conventional techniques used for assess-
ing them.? Novel regulatory challenges relate to the way
mesoscale therapeutic agents require this expansion of
the repertoire of tools that are used to evaluate them at
both the preclinical and clinical stages.

I1. Definitions of Terms

In the introduction the terms “nano,” “meso,” and
“novel” have been used. For the purposes of this arti-
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logics, and their domains of validity, will be discipline
specific. We will distinguish physicochemical and bio-
logical accounts of nanoscience by means of such dis-
cipline specific characteristics of the upper and lower
domains.

Nano-objects may or may not exhibit meso prop-
erties, depending on context. For example, the meso
character of nanoparticles may not be manifested
until they are exposed to a biological environment.
With these definitions in mind, “novelty” may refer to
properties that emerge at the mesoscale, or to meth-
ods of physical, chemical, or biological analysis that
are needed to investigate these properties.

II1. Similarities and Differences between
Nanoscale Research in the Physical and
Biomedical Life Sciences

Many research disciplines have extensive interest in
the nanoscale. This common concern has provided
justification for broad initiatives such as that the U.S.
National Nanotechnology Initiative (NNI). Nanosci-
ence is interdisciplinary, and work in one discipline
must draw on knowledge, tools, skills, and platforms
associated with others. But there are also some subtle,
yet important differences between nanoscale research
in the physical sciences and associated engineering
fields, on one hand, and the biomedical and life sci-
ences, on the other.* As a result of these differences, it
is not clear whether novelty of a nanoparticle’s physi-
cochemical properties, as judged from the perspective
of one synthesizing the particle, translates into any
novel opportunities or challenges, when that particle
is introduced into a biological system. This second,
biologically relevant novelty is the one that matters
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in any assessment of the challenges associated with
human subjects research with nanomedical products.

In the physical sciences, interest in the nanoscale
arises from the capacity to exploit meso-level princi-
ples to generate products with novel properties.’ Here
something like a quantum dot is representative: by
controlling the size of the particle, one can determine
optical properties such as color or the ability to locally
generate heat when illuminated by a laser. What
makes the nanoscale distinctive depends on the way
quantum phenomena can be exploited. On the bot-
tom end of the nanoscale, we have the scale of atoms
and molecules, and understanding requires quantum
principles or rules derived from those principles. At
the upper end where “nano” grades over to “micro,”
there is the kind of averaging, aggregate behavior
characteristic of the classical and bulk level domain,
where fundamental properties are mostly indepen-
dent of size and shape. In between these, we have a
complex space where increased understanding and
control might be used to generate novel properties.
Here phenomena are too complex to model from ab
initio, quantum principles, but quantum mechanics
determines properties in ways that may vary critically
with change in particle size or shape. New alliances of
experimental and theoretical work are then needed to
stabilize and manage this middle level, meso domain,
and an interdisciplinary language of complexity, sys-
tems, and control is used to align top-down design
with bottom-up self-assembly.

“Nano” is important because of the way this scale
bridges quantum phenomena (on the low end) and
classical phenomena (on the high end). But here
it is important to recognize that size alone does not
determine what is of interest about nano. All chem-
istry might, on a loose interpretation, be regarded
as “nano” if we simply extended the scale associated
with the term “nano” down to molecular dimensions.
In conventional chemistry, however, products arise by
mass action, measured in moles of particles, and are
usually generated by macro-level manipulations of
such quantities. Classical tools such as chemical ther-
modynamics and kinetics enable precise predictions
and descriptions. In nanoscale research, a more coarse
grained control of this meso range is used to gener-
ate particles and systems having “emergent proper-
ties” that depend on mesoscale principles, which are
not always as well worked out. In sum, for physical
sciences and associated engineering practices, the
nanoscale is of interest because of the special charac-
teristics of this mesoscale bridging of quantum and
classical, with the associated problems of complexity
and control. An “emergent” or “novel” property asso-
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ciated with this scale depends on this bridging and
complexity.®

In the biomedical arena, nanoscience is also consid-
ered important, but for more complex reasons. On one
hand, “nano” might mean use of particles, techniques,
or technological platforms that in some way exploit
the mesoscale. Here, the life sciences would presup-
pose the same meaning and importance of nano aris-
ing in the physical sciences; for example, one might
use a quantum dot to tag and track some element of
interest in a biological process. From the perspective
of the biologist, however, the physical mesoscale basis
of the property of a quantum dot does not matter. All
that matters is, for example, the range of color selec-
tion, stability and reliability of optical property, and
so on.” From the biologist’s perspective, synthesis can
be turfed to the chemist, and the quantum dot can be
treated as a black box or as a tool for investigation,
provided the quantum dot is coated in such a way that
it is inert or interacts favorably with the intended host
biological milieu.

One prominent meaning of “nano” in biology
depends on just this kind of “application” of this sci-
ence and technology to problems of interest to biolo-
gists. However, additionally, “nano” is considered to be
of importance because it is at that scale that we inves-
tigate and control biological phenomena at levels of
organization that are difficult to access either at the
molecular or “bulk” level.® This scale characterizes the
most fundamental genetic and metabolic processes of
living systems: for example, it is the scale of functional
elements of nucleic acids, proteins and protein com-
plexes, traffic between subcellular compartments and
across cell boundaries, and so on. Here the nanoscale
is of interest because of the way it coincides with a
scale of importance for understanding and interfacing
with biological systems, not because of the way that
quantum-based novelty might be exploited.

This biological nanoscale also has a meso charac-
ter. When we speak of a “mesoscale,” we have a middle
region where two distinct logics of explanation inter-
sect.® On the low end of this biological mesoscale, ele-
ments are understood in terms of their biochemical
and biophysical interactions. Conventional drugs are
generally understood according to such a biochemical
logic — for example, in terms of molecular structure,
biokinetics, solubility in water, binding affinity, and
so on. On the high end of the biological mesoscale, a
different hierarchical and functional logic of explana-
tion is dominant. Within a cell, organelles make spe-
cific contributions to the ongoing dynamic of cellular
life. Cells, in turn, jointly function as parts of tissues
that perform specific functions within organ systems.
Medical devices interface with and are understood in
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terms of such functional interactions at the high end,
such as a stent placed within an artery to assure ongo-
ing blood flow. Between these biochemical regimes
of explanation on the low end and the hierarchically
functional regimes on the high end — and roughly
corresponding to the nanoscale — we find mid-level
structures such as proteins, nucleic acids, the com-
plex lipid assemblies associated with membranes, and
“molecular machines” consisting of numerous pro-
teins and sometimes nucleic acids, which act in con-
cert to perform specific cellular functions.™

Nanomedical products or interventions may exhibit
either physical or biological “meso” properties, or
both, and these two domains need to be studied sepa-
rately. For example, the optical properties of a quan-
tum dot arise as a physical mesoscale phenomenon.
A biomedical application might exploit this physi-
cochemical novelty for some purpose. However, this
novelty of a particle’s property, as judged from the per-
spective of the physical scientist, does not necessarily
introduce any novel problems in a biomedical use of
such a particle. Any biomedical novelty would relate to

A key question thus concerns whether there are special challenges and
opportunities associated with medical uses of nanoparticles whose size is
associated with novel physicochemical properties. How might novelty in one
arena relate to novelty in the other? Is there a reason to think that a nanoparticle
will interface with biological systems in ways that raise novel challenges for the
regulatory frameworks we use for assessing medical interventions?

Proteins are representative of biological mesoscale
structures.” Like drugs, proteins can be understood
biochemically. Proteins fold into compact structures
in a way that is governed by interactions between
chemical groups integral to the amino acids that
make up their polypeptide chains, and they interact
biochemically with other molecules; for example, as
enzymes necessary for metabolic processes. Proteins
must also be understood within the complex infor-
mational and functional networks associated with a
biological system. Polypeptide chains are produced
by a complex machinery that transcribes and is gov-
erned by information encoded in nucleic acid base
pair sequences, and they often interact with other ele-
ments according to complex lock-and-key logics, con-
tributing to the ongoing dynamic of cellular life. Fur-
ther, precise protein structure, function, metabolism,
and aggregation into larger complexes essential for
mechanical and signaling functions, are controlled by
post-transcriptional modifications that occur either
immediately following biosynthesis, or as the result of
ongoing biochemical processes, which depend in turn
on the cellular “state,” the latter being determined
in part by the concentrations and post-translational
states of the same or other proteins. An understand-
ing of this biological mesoscale thus involves a com-
plex bridging of lower level biochemical and higher
level functional logics that is analogous with, but not
equivalent to, the bridging between quantum and
classical logics associated with the physicochemical
mesoscale.!?
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the way the quantum dot interfaces with the biological
mesoscale. It is thus logically possible that nanopar-
ticles with novel physicochemical properties might be
used in biological systems without introducing novel
problems for one who needs to evaluate their health
and safety. A physicochemical novelty would concern
the physicochemical mesoscale (with its bridging of
quantum and classical logics), while a biological nov-
elty would concern the biological mesoscale (with its
bridging of the biochemical and hierarchically func-
tional logics). A key question thus concerns whether
there are special challenges and opportunities asso-
ciated with medical uses of nanoparticles whose size
is associated with novel physicochemical properties.
How might novelty in one arena relate to novelty in
the other? Is there a reason to think that a nanopar-
ticle will interface with biological systems in ways that
raise novel challenges for the regulatory frameworks
we use for assessing medical interventions?

In this article, we focus on a subset of this general
question. Specifically, we consider whether there
are novel challenges associated with assessing the
toxic effects of nanoparticles that might be used in
nanomedical interventions. To what degree might
nanoparticles with “novel” or “emergent” physico-
chemical properties generate “novel” or “emergent”
effects of concern in toxicological analysis? The first
sense of novelty and emergence is of an intrinsic kind,
and relates to the particle in isolation, or to the par-
ticle in a specific relation to some target system. That
is the intended or designed property, and it is associ-
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ated with the presupposed mechanism of the particle’s
action. The second sense of novelty is relational, and
concerns possible interactions including unantici-
pated biological side effects associated with use of a
nanoparticle formulation. Are there reasons for sus-
pecting that novel intended properties might generate
a qualitatively different likelihood of unanticipated,
possibly harmful interaction effects, or that such parti-
cles might interact with biological systems in complex
ways that are difficult to track by our current regula-
tory schemes for drugs and devices? Might a nanopar-
ticle be both drug-like and device-like, and thus have
novel properties arising from its biological mesoscale?
If so, can we provide greater clarity regarding the rea-
sons why nanoparticles introduce new challenges and
greater concerns about toxicity?

IV. Assumptions Integral to a Clinical Trial
of a New Drug

When assessing whether nanoparticles might intro-
duce novel challenges for regulatory systems used
to assess them in human subjects, we need to first
appreciate how certain kinds of novelty are already
accounted for and managed by means of the methods,
instruments, and models used by toxicologists, epi-
demiologists, and clinical researchers involved in the
design of preclinical testing and clinical trials associ-
ated with a new therapeutic agent.

We begin by noting that the chance that a newly
discovered molecular entity will make it to market
is commonly estimated to be about 1 in 10,000. The
reasons for this are complex,’® but a common expla-
nation runs something like this: at early stages some
mechanism of action might be suggested by a refined
understanding of some pathology, for example, by
considering some gene product found only in a patho-
logical population, understanding how it generates
some kind of system failure at the molecular scale,
and then engineering some product that compensates
for that failure. Following initial screening, search-
ing, and chemical modification of lead compounds, an
agent of interest is identified, and further drug devel-
opment involves a relatively rational effort to exploit
the agent or mechanism identified as promising. The
pathway from this early stage to a successful, commer-
cial product next involves a systematic process to pre-
serve the isolated causal agency through the processes
of synthesis, in vitro, and nonhuman in vivo testing
(“preclinical”) human clinical trials, and, if success
is achieved though all these stages, then approval is
granted.

When moving from the hypersimplified simulations
or in vitro laboratory contexts to real world products
and biological systems, failures arise at multiple lev-
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els. Simple problems such as poor insolubility or poor
stability, or unsatisfactory absorption, distribution,
metabolism and elimination (ADME) problems may
render the drug unusable without developing expen-
sive specialized delivery systems.™* It may also turn
out that agents or mechanisms presumed effective
were only apparently so, and that increased study and
testing shows a more complex mechanism of action.
Alternatively, an expected effect may be much weaker,
or there might be a host of unanticipated interaction
effects with other systems that prevent delivery of an
agent to needed site of action. All of the problems
might be summarized under a general category of
“biological complexity.” Preclinical testing is designed
in such a way as to yield evidence that the presumed
mechanisms of action are preserved in circumstances
that approximate contexts of application.”” Then, in
clinical trials, there is an effort to completely abstract
away all assumptions about the mechanisms of action
and isolate whether or not an agent, i.e., the drug can-
didate, has beneficial effects that can be measured in
terms of direct benefit to the individual treated by the
agent. The ideal study design — the randomized, dou-
ble-blind controlled clinical trial — is configured in
such a way that any biases about how the agent works
will not distort assessment of whether it does, in fact,
have a beneficial causal effect.

Similar assumptions about complexity cover poten-
tial negative effects of some pharmaceutical agent, but
here there is a subtle yet important asymmetry. Clini-
cal trials are not designed to look for unanticipated
beneficial effects. Only occasionally can such an effect
be noticed, say by reports from trial subjects (Viagra
being a famous case of serendipitous discovery of an
unexpected, unsought beneficial effect). While the
exact mechanism of a beneficial effect might not be
understood, as was the case for aspirin until rela-
tively recently, the kind of benefit in question is speci-
fied at the outset, e.g., to control pain, and the whole
process of drug development involves a systematic
effort to isolate, preserve, and enhance that benefit.
The impact of biological complexity, and thus the pri-
mary concern of the clinical trial, relates to an unan-
ticipated loss or attenuation of the expected beneficial
effect. But negative effects might be of an anticipated
or unanticipated kind. Anticipated negative effects,
such as a known toxic effect associated with some gen-
eral category of drug, can be studied in much the same
way the beneficial effect might be studied. Such antici-
pated effects might be enhanced or diminished by the
same factors that would influence the beneficial effect.
However, beyond these, there is a reasonable basis
for expecting other toxic effects that may arise from
some side interaction with the complex biochemical
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machinery integral to life. To put this in a somewhat
paradoxical way, we could say that there is a reason-
able expectation of unexpected negative effects.’® The
phase I trial is then oriented toward assessing whether
any negative effects do, in fact, arise. In studying effi-
cacy, trial design starts with an anticipated benefit
and is oriented toward ruling out the null hypothesis.
But for toxicity, especially as related to unanticipated
effects, no such study design is possible. Here novel
effects arise from unanticipated interactions between
the pharmaceutical agent and the complex, biochemi-
cal machinery of the living system.

The reasons for this asymmetry between negative
and positive effects is roughly the same as the reason
in evolution for expecting that some random mutation
will have a deleterious, rather than beneficial effect
on the phenotype. This is why most such mutations
are rapidly eliminated from the gene pool. Only very
rarely does the happy accident arise: in fact, this is
so rare that those designing clinical trials do not look
for it. But the unhappy accident has a much higher
incidence, and thus needs to be carefully considered
in clinical investigation. These unanticipated negative
effects can be strong enough that they counteract a
beneficial effect. Even in cases where the overall risk
profile of a drug is positive, the unwanted side effects
may need to be managed, and they indicate a perva-
sive challenge in both development and use of nearly
all drugs. Subsequent efforts at refining a drug may be
explicitly targeted toward diminishing these negative
side effects, and a whole industry strategy is oriented
toward extending patent protection by such means.

From the above considerations, it is clear that acci-
dental (unanticipated as opposed to anticipated)
negative effects associated with some drug need to be
considered independently, and they need to be under-
stood and managed in the testing process by different
principles and strategies than those used for antici-
pated beneficial and/or deleterious effects. Toxicology
has emerged as the field for understanding and man-
aging anticipated and unanticipated negative effects.
Toxicology is thus already oriented toward managing
certain kinds of novelty, e.g., that novelty associated
with the unanticipated, negative effects. Clinical tri-
als, and the epidemiological and biostatistical sci-
ences informing their design, then involve a complex
balancing between the partially independent strands
related to beneficial and deleterious effects and their
associated causes.

When evaluating whether a nanoparticle is in some
way novel or raises novel challenges when introduced
in a human subject, we need to carefully distinguish
between the kinds of novelty that are already antici-
pated and managed by means of clinical trials and
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those other kinds of novelty that might in some way
make it more difficult to understand what happens to
that particle. Any new pharmaceutical is novel by defi-
nition, and the purpose of a clinical trial, besides eval-
uating effectiveness, is to ascertain whether there are
any unanticipated, emergent side effects. If nanopar-
ticles raise novel concerns, it will be because they do
not behave like other drugs in such a way that effort
needs to be directed toward developing the general
infrastructure for managing them, and not just to the
normal application of those tools for the study of the
specific new therapeutic agent in question.

V. On the Infrastructure Associated with
Conventional Drugs

When a new candidate drug is being considered,
preclinical or clinical studies presume that it is suf-
ficiently like other drugs that have been tested over
time, so established instruments and methods can be
applied. Where specific positive or negative effects are
expected, methods of study can be oriented toward
measuring them and determining their likelihood.
This all takes place against a background that assumes
the overall rate of unexpected effects is unaltered, i.e.,
the rate of relevant unknown unknowns remains con-
stant and is reflected in the complex host of concepts,
models, and methods for understanding and manag-
ing both expected and unexpected effects. Thus, while
toxicology is oriented toward understanding and
managing certain kinds of novelty arising from unan-
ticipated or anticipated interactions between an agent
and its biological host, this is not an open-ended, fully
general capacity. It depends on very specific tools, con-
cepts, methods, and model systems.!”

The infrastructure for preclinical and clinical test-
ing of a new drug has resulted from a long sequence
of iterative adjustments and refinements encoding
collective social wisdom regarding how best to man-
age uncertainty associated with a new drug. Inte-
gral to these systems of evaluation are taxonomies of
drug type, mechanism of action, target tissue, and so
on. Experience gained over time is reflected in many
aspects of protocols that may be poorly understood
by any single person using a given protocol or model.
What is important is that a protocol can be effectively
used without understanding all of the reasons why a
specific protocol has taken a chosen form. Implicit
in this collective machinery is a time tested, realis-
tic expectation about the background rates of unan-
ticipated effects, their kinds, and how these should be
managed.’® This includes a variety of concepts, mod-
els, and methods for assessing whether some unan-
ticipated effect has arisen, and, if so, how it should be
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measured, the time frame for discerning whether it
has arisen, and where to look for it.

A host of technologies are available for carrying out
the various tests that are needed. Few appreciate the
extent of background infrastructure that is necessary
for quality assurance and quality control (QA/QC) of
a drug that undergoes preclinical evaluation, clini-
cal trials, and ultimate release into the market.® This
infrastructure includes constantly improving analyti-
cal techniques, facility of digital record keeping, and
experience that permits highly complex methodolo-
gies to be carried out, step by step, by well-trained
personnel. Drug company employees must sign off, at
every stage, on processes and analyses during devel-
opment and production of products. This system is
meant not only to satisfy regulatory authorities, but
also to provide a means for pinpointing the source
of problems as they arise. It operates both before the
drug is marketed and afterwards in order to ensure
the safety of drug products.

A long line of basic research preceded development
of the analytical technologies used in drug discov-
ery and development.2® For example, nuclear mag-
netic resonance (NMR), a primary tool for identify-
ing and verifying chemical structure, was invented
in the 1940s. Mass spectrometry (MS), used to iden-
tify metabolites derived from parent drugs, has been
around for a century. These and other analytical tech-
niques have over the years exponentially expanded
their capabilities, speed, and precision. High perfor-
mance liquid chromatography (HPLC), which permits
efficient separation of molecular species for analysis,
came into widespread use in the 1970s with the advent
of well-specified column packing materials and fluid
control systems, although various other kinds of chro-
matography had been available for decades. Recent
advances in microfluidics, robotics, and reproduc-
ible cell culture have enabled rapid, high-throughput
screening and analysis of drug candidates. All of these
infrastructural QA/QC methodologies took time to
develop. Now that they are in place, however, they set
the standard that is demanded by regulatory agencies
such as FDA, and also by units that exchange materi-
als and information along research, development, and
production supply chains.

An inherent advantage of pharmaceuticals is that
all drug molecules with a given designation have the
same molecular structure (with some exceptions usu-
ally involving isomers). Purity, stability, and lot-to-lot
consistency can be assessed by QA/QC methodologies
at the point of manufacture and thereafter, and drug
and metabolite concentrations can be followed in
blood over time after the drug is administered. Infor-
mation regarding a drug’s pharmacokinetics (PK:
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where the drug goes in the body and how long it stays
in different regions) and metabolite profiles, the drug’s
binding affinity to critical tissues and its solubility in
water and other solvents, along with its physical and
chemical stability during storage, is routinely culled
in animal models before clinical trials of a drug prod-
uct are initiated. Where possible, pharmacodynamic
(PD) markers reflecting drug effect are also collected.
The availability of increasingly user-friendly software
packages permits analysis and statistical characteriza-
tion of PK/PD data. These packages are also useful in
clinical trials, where analyses are carried out at both
the individual and population levels.>!

If the molecular structure of a therapeutic agent and
its purity, stability, lot-to-lot consistency, and so on,
could not be fully assessed by the methods and instru-
ments available, and in the manner now assumed by
QA/QC infrastructure, then this would raise novel
challenges for assessing the safety and efficacy of that
agent.?! The difficulties associated with assessments of
such novel agents can be seen in other areas besides
what is now called “nanomedicine” (although these
would be in the biological meso region associated with
the nanoscale). In the 1970s genetic engineering led to
the promise of numerous protein-based therapeutics.
Few products emerged initially, however, due in part
to a lack of precise means to characterize these more
complex molecules. Roughly over the past 35 years,
however, advances in preparation, purification and
analytical techniques, and understanding of protein
pharmacokinetics and pharmacodynamics have led to
an acceleration in introduction of protein-based drugs
into the market.

Protein drugs are inherently more complex than
smaller molecular weight drugs, and this has led to
both problems and opportunities. Proteins are long
chains of amino acids that typically fold into relatively
rigid shapes, which determine their activity. In the
body, proteins are subject to biochemical modifica-
tions that alter their surface charge, shape, and solu-
bility, and their tendency to denature (lose the shape
required for activity) and form aggregates. Denatur-
ation and aggregation also occur during storage or
passage through a catheter. Thus, formulation of a
protein in its common physiological form may have
distinct disadvantages. For example, genetically engi-
neered human insulin tends to denature and form
aggregates, which can clog catheters, and it also tends
to be slow acting. However, a slight genetically engi-
neered alteration of the amino acid sequence leads
to a much more stable and fast acting, nonaggregat-
ing form of insulin, which is now available for use
in pumps. Development of such a modified product
required a rigorous demonstration that alterations in

JOURNAL OF LAW, MEDICINE & ETHICS



Khushf and Siegel

amino acid sequence would not lead to an immune
response. The jump from small molecule to protein
thus entails a significant increase in complexity.2?

The difficulties associated with these mesoscale
therapeutic interventions are also illustrated by efforts
to therapeutically use nucleic acids such as genes
(DNA), antisense oligonucleotides, and short inter-
fering RNA’s (siRNA’), which are regarded as highly
promising alternatives to traditional drug therapies.
Like proteins, these are polymer chains consisting of
common building blocks whose sequence codes their
effect. The sequences are precise, and they poten-
tially work with the natural quality control systems
associated with nucleic acid replication, transcrip-
tion, translation, and post-translational modification.
Since these therapeutics act at the level of fundamen-

relates to the research effort that must be directed
toward stabilizing the QA/QC/regulatory infrastruc-
ture for evaluating those agents. One cannot simply
“apply” existing tools and methods in the manner
associated with a conventional drug.

VI. On the Infrastructure Associated with
Conventional Devices

From a regulatory perspective, therapeutic introduc-
tion of objects into the human host comes under three
general headings: drugs and devices, and biologicals.
Thus far, we have been assuming that use of nanopar-
ticles as a therapeutic agent would come under the
“drug” category, although we saw that such a category
is stretched with some new mesoscale agents. In this
section, we consider the second general heading:

What makes protein and nucleic acid-based therapeutic agents novel
from a regulatory perspective relates to the research effort that must
be directed toward stabilizing the QA/QC/regulatory infrastructure for
evaluating those agents. One cannot simply “apply” existing tools and
methods in the manner associated with a conventional drug.

tal molecular biology, they have the potential to exert
extremely powerful effects. However, their introduc-
tion into the market has been delayed by several fac-
tors. While genes can be readily delivered into cells
using viruses, the threat of immunogenicity of the
viral coat is always present, and there is considerable
research into vectors consisting of more immuno-
transparent materials.2* Delivery of antisense oligos
and siRNA’s into target cells is difficult due to their
size and charge, and many proposed nanomedicines
are being investigated to solve these problems. More-
over, the potential for “off-target” effects (i.e., toxici-
ties) must be considered. Before the promise of these
new therapeutics can be realized, efforts must directed
toward better understanding and hopefully mitigat-
ing these novel off-target effects. While some aspects
of the QA/QC may be relatively straightforward for
“naked” nucleic acids due to their precise structures
and sequences, standards for characterizing nanode-
livery systems for these agents, which are typically
complexes of the nucleic acids and specially chosen
polymers,? need to be developed as part of the QA/
QC/regulatory infrastructure. Similarly, monitoring
for off-target effects is expected to be of great impor-
tance during clinical trials.

What makes protein and nucleic acid-based ther-
apeutic agents novel from a regulatory perspective
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devices.?6 Generally, a device is something that is large
enough to manipulate and place in the body, with the
typical expectation that it will remain in place. This
class includes implants for bone and joint repair,
cardiac pacemakers, implantable drug pumps, and
drug-coated coronary stents. We also include in this
category injectable microparticle depot formulations
that degrade and release drug over prescribed periods
of time.

Devices of this kind are produced by engineering
techniques, and QA/QC measures derived in part from
those that are already in place for non-biomedical
technologies. For example, mechanical tests and elec-
tron microscopy can be used to analyze both computer
chips and the artificial hips. Macroscale biomedical
devices must also prove rugged in the biological host
environment, which provides extra challenges.

An illustrative example is provided by drug elut-
ing cardiac stents, which have seen increasing use
over the past decade in postsurgical management of
heart attacks.2” Following removal of the coronary
artery occlusion that cause the heart attack, a wire
mesh stent, surrounding a small balloon, is placed
in the artery by means of an externally guided cath-
eter. Inflation of the balloon expands the wire mesh,
which ratchets into place, holding the coronary artery
open. The balloon is then withdrawn. Films contain-

787



SYMPOSIUM

ing powerful antiproliferative drugs are coated onto
the wire mesh, and slow release of the drugs over time
and directly into the arterial wall prevents regrowth of
tissue around the stent, or restenosis, which can lead
to secondary occlusions.

Production of drug eluting stents is complex, involv-
ing drawing and knitting very thin metal wires into a
precise meshwork, polishing the metal, and uniformly
coating drug-containing films onto specific parts of
the wire surfaces.?® The wires must be strong enough
to resist collapse in the coronary artery over the
patient’s lifetime. Conversely, they should not dam-
age the host tissue. The coating should control drug
release in a predictable way, and the coating material,
if it sheds from the surface, must do so in a way that
is nontoxic. Various mechanical tests, chemical anal-
yses, and observations under the microscope can be
used to characterize all steps of stent production, and
changes in stent properties can be monitored follow-
ing implantation into animals. By these means, useful
information can be gathered before conducting clini-
cal trials in humans.

While the drug eluting stent already is somewhat of
a hybrid between drug and device, it still has one of
the important characteristics of most “macrodevices”:
once inserted, it remains in the same place. A coronary
stent should not migrate from its point of implanta-
tion. The “locality” of an implanted macroscale device
permits the developer at least the initial luxury of
focusing on the device’s immediate tissue neighbor-
hood when searching for adverse effects. Local inflam-
matory and foreign body responses can be monitored
by histology, and surface alterations aimed at mitigat-
ing inflammation can be attempted. The main point
is that for such devices, the biointerface is localized
and is readily observable in the preclinical setting. Of
course, secondary physiological reactions also need to
be considered, ultimately.

Just as the “drug” category is being stretched by
novel, macromolecular agents, so too is the “device”
category being stretched by hybrid, or combination
products. We already see this with the drug-eluting
stent. When it is introduced into an artery, there are
issues of dispersion throughout the body of stent
components, for example, due to inadvertent drug or
polymer film release into the bloodstream. While they
can be viewed as potential hazards, these possibilities
are not integral to the mechanism by which the device
is intended to act. On the other hand, microsphere-
based injectable drug depots, with drug dispersed in
degradable polymer matrices, are programmed to
degrade into nontoxic products and release encap-
sulated drugs into the body over prolonged periods.
Here degradation is inherent to mechanism. Whether
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a drug delivery device is designed to intentionally
degrade, or if degradation is unintended, the identity
and disposition of degradation products over time and
their interactions with the body, along with disposition
of the drug, need to be well understood. This require-
ment adds complexities at the QA/QC/regulatory lev-
els,29 which are similar to some of the complexities
associated with nanomedicines to be described below.

VII. Between Drugs and Devices:
Nanomedicines and the Biological Mesoscale
While a biochemically specific “drug” and a mac-
roscale “device” are vastly different in size, developers
of both classes of biomedical products can tap into
vast, mature, analytical, and quality-control infra-
structures, along with knowledge bases that enable
proper questions to be asked at all stages of develop-
ment. There is also a high degree of standardization
and reproducibility, from molecule to molecule and
from device to device. As already indicated, methodol-
ogies and infrastructures are still being developed for
macromolecular agents such as proteins and nucleic
acids (which stretch the “drug” category) or micro-
sphere-based injectable drug depots (which stretch
the “device” category). Because of their relative sizes
compared to conventional molecules and devices, we
see them as transitional, on either end, to a “mesoscale”
domain, in which nanomedicines reside. The difficul-
ties in characterizing and regulating these transitional
classes of therapeutics presage similar challenges for
nanomedicine.

Some caution is needed when equating the biologi-
cal mesoscale (as the middle level between biochemi-
cal and cell/tissue/organ logics) and the nanoscale
(as region of spatial resolution between 1-300 nm).
Objects in this nanoscale have significant variation.
Some objects in this range are subsumable under the
“drug” category, and can be synthesized, measured,
and controlled without development of new methods
or instruments. Some of these “nanoparticles” were
introduced into biomedical vernacular before the term
“nano” was coined. Most of these products, such as
micelles, liposomes and emulsions, consist of oils and
lipids, and are closely related to endogenous struc-
tures such as bile salts, chylomicrons, and vesicles that
are already present in the body, and their metabolism
makes use of common biological pathways. There are
other nanostructures, e.g., surface coatings on mate-
rials, that are subsumable under the QA/QC mecha-
nisms associated with the “device” category. Addition-
ally, there are attributes of nanotherapeutic agents
that are important when considering their interaction
within a biological system, yet are not related to scale
alone; for example, particle shape, porosity, bulk, and
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surface composition. However, all things being equal,
nanoparticles have at least three general properties
that lead to mesoscale interactions with biosystems.

First, the extremely large surface to volume ratio
of nanoparticles is such that surfaces, whose proper-
ties may differ substantially from those of a particles
interior, take on a dominating role. Increased bio-
availability and reactivity are properties that make
such particles attractive for therapeutic applications,
but without proper care, deleterious surface con-
trolled reactions may occur. In addition, adsorption of
molecular components such as proteins and lipids to
nanoparticle surfaces, which may vary from place to
place and from time to time, may lead to wide varia-
tions in nanoparticle functionality (see below). Con-
versely, the availability of a large total surface area
may affect the conformation and stability of adsorbed
proteins, which may trigger adverse reactions. There
is thus a direct relation between the size scale of par-
ticles and anticipated rates of unanticipated interac-
tions with other particles and structures.

Second, nanoparticles will, upon injection, disperse
throughout the vascular space and even may gain
entry to certain body spaces like the interior of solid
tumors, which are inaccessible to micron-sized parti-
cles. The extent of access, routes of transport, and sites
of accumulation often depend more on nanoparticle
size and surface properties than on characteristics of
the particle’s interior or “bulk.”2°

Third, a nanoproduct is actually an ensemble of ele-
ments, i.e., nanoparticles, whose composition, size,
and shape can only be specified statistically. While
average size, shape and composition can be speci-
fied, often there will be unavoidable variability from
nanoparticle to nanoparticle. Unlike molecular enti-
ties such as conventional drugs, whose structure and
purity can be evaluated by a number of well estab-
lished methods, heterogeneity is a fact of life for most
nanosystems, and new means for quality assurance
and control of variation are needed to promote unifor-
mity of a specific product within and between batches
or lots.3! The importance of variation on functionality
and risks associated with nanoproducts may depend
on the nature of the product (liposome versus biode-
gradable nanosphere versus gold nanoshell, etc.). We
are at an early stage in understanding the nature of the
“nano-bio” interaction, and extensions of the quality
assurance/quality control infrastructure will likely be
required before their risk profile in a human host can
be properly evaluated. In our view, this is what makes
nanomedicines novel from a regulatory perspective.

Just as mesoscale physical objects such as quantum
dots are interesting since they have both classical and
quantum characteristics, mesoscale nanomedicines
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have properties in common with both drugs and mac-
roscale devices. Like drugs, they are dispersed follow-
ing systemic administration, and they are subject to
metabolism and elimination. Like macroscale devices,
they are large enough that a biointerface devel-
ops between particle and host environment. How-
ever, subtle differences lurk beneath these apparent
similarities.

Unlike a drug dosage in which all molecules are
identical in structure, there will be unavoidable fluc-
tuations of numbers of atoms or molecules contained,
and hence differences in size and shape, of nanopar-
ticles derived from the same lot, or between nanopar-
ticles derived from different lots.?* These fluctuations
can be controlled within certain statistical limits, but
they probably cannot be completely eliminated, at
least with present manufacturing technologies. The
importance of such variations may differ between
classes of mesoscale products. In some cases, uncon-
trolled differences in size might lead to significantly
different pathways of transport, metabolic degrada-
tion, and bioaccumulation. As a result of uncertainties
associated with such variability, exploratory experi-
mentation may be needed to determine which meth-
ods, tissue, instruments, and so on, may be required
for in vivo study of risk associated with therapeutic
use of such an agent.3?

As nanoparticles disperse throughout tissues along
individualized trajectories, each one may create its
own biointerface, or “corona,” of adsorbed proteins,
and it seems likely that no two particles will have
exactly the same corona, just as no two snowflakes
are believed to have the same shape. Further, the
corona of each particle is likely to be dynamic, with
certain proteins sticking tightly while others attach to
and detach from the particle surface as the particle’s
environment changes.?* The total biointerfacial area
will be extremely large, and on a per unit mass basis
will increase inversely proportional to average par-
ticle diameter. Great efforts have been made to mask
nanoparticle surfaces with a shell layer consisting of
hydrophilic polymers or lipid mimics, which discour-
age protein adsorption. During metabolic break-
down of nanoparticles, this shell will be stripped off,
however, in processes that again may depend on the
nanoparticle’s location. The precise breakdown path-
ways of individual nanoparticles within an adminis-
tered dose, or ensemble, are thus expected to be widely
variable.

Variations in initial conditions, and biointerface
and metabolic trajectories of mesoscale particles
introduce, we believe, a new element of complexity
to the analysis of nanomedicines compared to con-
ventional drugs and implanted devices. Their rates
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of unanticipated interactions, and the nature of those
interactions, may be very different from those of con-
ventional drugs. A qualitative shift in the rate and
character of the “unknown unknowns” may require
changes in the way uncertainty associated with these
novelties are managed; for example, it makes it more
difficult to determine what is needed for preclinical
testing and what kind of data is sufficient for transi-
tioning to clinical trials. In ways similar to gene thera-
pies, many nanoparticles will interface in complex
ways with the informational and functional machin-

VIII. Conclusion

By highlighting the mesoscale character of nanothera-
peutic agents, we have accounted for why they raise
novel challenges for the regulatory structures used
to evaluate them. We have also made clear why these
novel challenges are not unique to nanomedicines: the
challenges they pose will be similar to those posed by
other hybrid extensions of the drug and device catego-
ries — for example, protein-based agents and nucleic
acids, biochemically active surfaces, and microsphere-
based injectable drug depots. Also, by highlighting

We can recognize an important similarity between the physicochemical
and biological mesoscales: in both areas, we need to integrate top-down and
bottom-up strategies, theory and experiment, and methods and instruments

from a wide range of disciplines to stabilize these complex, middle-level

regions. This mesoscale research is as vital for stabilizing the regulatory
infrastructure as it is for development of the promising new
therapeutic agents that must be evaluated by that infrastructure.

ery of biosystems, and thus cannot just be considered
in terms of their chemical structure and biochemical
interactions. Like devices, they may evoke immune
system responses, either directly or by means of their
“coronas.” Unlike most devices, they do not stay put in
one place, and thus pose new problems for identifying
where they are and what they are doing.

These problems may be more or less serious for cer-
tain kinds of mesoscale nanomedicines. Particles that
degrade into common metabolites, or metabolites
that are nontoxic and readily excreted, are likely to
pose the fewest problems. On the other hand, meso-
scale particles consisting of foreign materials, a frac-
tion of which persist in the body for months or years,
may be the most problematic. Persistence issues are,
of course, not unique to mesoscale particles. Most
macroscale devices are designed to persist. In fact, the
ability of such devices to withstand challenges pro-
vided by the host is a quality measure. On the other
hand, the best drugs tend to be those that do not per-
sist, since buildup of drug in tissues not associated
with the drug’s effect often leads to toxicity, and usu-
ally drug effect is only desired for a prescribed time
period. Here there are tensions between the proper-
ties of a good device and a good drug. Which com-
binations of such properties make good mesoscale
agents is still unclear. The answer to this question in
the case of a specific agent will partly depend on addi-
tional research that is oriented toward stabilizing the
QA/QC infrastructure.
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the mesoscale interactions rather than size alone, we
have provided a basis for identifying those nanopar-
ticles that are unlikely to raise novel regulatory chal-
lenges. These will be the class of agents that can be
assimilated to existing quality assurance/quality con-
trol mechanisms, i.e., those that can be well character-
ized in terms of molecular structure, whose biokinet-
ics and metabolic pathways are well understood, and
so on. Finally, by highlighting the mesoscale character
of nanotherapeutic agents, we have shown how the
regulatory challenges they pose are intertwined with,
and may also be advanced by the same omics, systems,
and epigenetic research trajectories that enable a bet-
ter understanding and control of biological complex-
ity at this most fundamental scale of biology. Here we
can recognize an important similarity between the
physicochemical and biological mesoscales: in both
areas, we need to integrate top-down and bottom-up
strategies, theory and experiment, and methods and
instruments from a wide range of disciplines to stabi-
lize these complex, middle-level regions. This meso-
scale research is as vital for stabilizing the regulatory
infrastructure as it is for development of the promis-
ing new therapeutic agents that must be evaluated by
that infrastructure.
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high end, and associated with cellular, tissue, organ, and organ
system functions of an organism). This mesoscale includes both
natural structures (e.g., proteins and nucleic acids) and artifi-
cial structures (nanoparticles). Classification of modified natu-
ral proteins such as artificial insulin is tricky. Whether or not
we view artificial insulin as a nanoparticle, it is a meso-scale
particle.
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lation and interactions of networks of cellular components
including proteins, nucleic acids, lipids, and small molecule
mediators. This field is in its infancy, and tends to be very
mathematical (c.f. U. Alon, An Introduction to Systems Biology:
Design Principles of Biological Circuits (Boca Raton: Chapman
and Hall/CRC, 2007). A basic introduction to protein struc-
ture, modification, function, metabolism, and aggregation into
mechanically functional structures and signaling complexes
can be found in B. Alberts et al., Molecular Biology of the Cell,
5th ed. (New York: Garland Science, 2008).

13. We focus on novelty arising from complexity and the role this
plays in thwarting rational drug design. The issues we consider
are general and would apply to all drugs, whether they involve
novel targets or not. But even within the conventional drug
category, a distinction could be drawn between conventional
and novel drug targets, and many of the challenges we consider
with meso-level agents would also arise with drugs that target
novel targets. For a discussion of these challenges associated
with novel targets, see P. Ma and R. Zemmel, “Value of Nov-
elty?” Nature Reviews Drug Discovery 1, no. 8 (August 2002):
571-572; E. Butcher, “Can Cell Systems Biology Rescue Drug
Discovery?” Nature Reviews Drug Discovery 4, no. 6 (June
2005): 461-467; and M. Hopkins et al., “The Myth of the Bio-
tech Revolution: An Assessment of Technological, Clinical and
Organizational Change,” Research Policy 36, no. 4 (2007): 566-
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14. Review of the need for ADME studies for nanomaterials can be
found in B. Zolnik and N. Sadrieh, “Regulatory Perspective on
the Importance of ADME Assessment of Nanoscale Materials
Containing Drugs,” Advanced Drug Delivery Reviews 61, no. 6
(2009): 422-427. Many of these problems are not surprising
in view of the multiple and often conflicting constraints that
need to be met by drugs. For example, it is extremely desirable
for drug molecules to bind tightly and specifically to specific
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receptors at the cell surface or inside the cell. As the bind-
ing sites tend to be very hydrophobic, drugs that bind tightly
will also tend to be very hydrophobic and hence exhibit poor
solubility in water, which is the majority component of most
biological fluids. The polarity (hydrophilicity versus hydropho-
bicity) of a drug also affects its absorption and distribution. A
major task for medicinal chemists is to alter potent “lead” drug
candidates so that their absorption, distribution, metabolism,
and toxicological profiles are acceptable. A useful discussion of
the process of elimination or modification of drug candidates,
leading to successful products, is provided by J. F. Pritchard
et al., “Making Better Drugs: Decision Gates in Non Clinical
Drug Development,” Nature Reviews Drug Discovery 2, no. 7
(2003) 542-553.

The transition from in vitro, exploratory studies to in vivo stud-
ies with animals involves an increase in complexity that can
roughly serve as a model for the increase in complexity associ-
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and in vivo) to clinical trials with humans. A nice review of
the way ADME questions motivate the need for in vivo studies
with nanoparticles can be found in H. Fischer and W. Chan,
“Nanotoxicity: The Growing Need for In Vivo Study,” Current
Opinion in Biotechnology 18, no. 6 (2007): 565-571.

Id.

The difficulties associated with an open-ended ascertainment of
novelty can be seen at every stage of the process that moves from
in vitro to in vivo animal models, and finally to clinical trials. A
nice illustration of the problems can be found in the reporting
of adverse events with clinical trials. When conducting clinical
trials, clinicians are to report “adverse events.” But what kinds
of events are relevant to the trial? And who can make sense of
these events? IRBs are often overwhelmed with such informa-
tion. To provide assistance in addressing these questions, the
FDA and other agencies have put together a guidance docu-
ment: U.S. Department of Health and Human Services, FDA,
OC, CDER, CBER, CDRH, and OGCP, Guidelines for Clinical
Investigators, Sponsors, and IRBs Adverse Event Reporting to
IRBs - Improving Human Subject Protection, January 2009,
available at <http://www.fda.gov/downloads/ RegulatoryInfor-
mation/Guidances/UCM126572.pdf> (last visited November 5,
2012). The guidelines make clear how any adverse event must
be situated within a complex context, and how ascertainment
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tools, concepts, methods, and model systems.
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Science,” Philosophy of Science 67 (December 2000): 559-579.
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Conference on Harmonization of Technical Requirements for
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guidelines can be found at: <www.ich.org/products/guidelines.
html> (last visited November 5, 2012).
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in L. Yo, “Pharmaceutical Quality by Design: Process Develop-
ment, Understanding, and Control,” Pharmaceutical Research
25, no. 4 (2008): 781-791.

A standard reference for PK and PD in M. Rowland and T.
N. Tozer, Clinical Pharmacokinetics and Pharmacodynamics,
4th ed. (Baltimore: Kluwer/Lippincott Williams and Wilkins,
2011).

An extensive literature now shows that nanoparticles are novel
in just this way, i.e., they cannot be assessed by methods and
instruments that are currently available, and thus require
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research efforts that are directed toward the QA/QC infra-
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“Nanotoxicity: The Growing Need for In Vivo Study,” Current
Opinion in Biotechnology 18, no. 6 (2007): 565-571; D. War-
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(Boca Raton: Taylor and Francis, 2006).
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Y. J. Kim, “Stimuli-Responsive Polymers and Nanomaterials
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Delivery Reviews 64, no. 11 (2012): 1046-1069.
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(2008): 6.
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enhanced permeability and retention (EPR) effect, which
leads to increased relative partitioning of drugs associated
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“Nanosystem Drug Targeting: Facing Up to Complex Realities,”
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