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Abstract. The vast majority of drug product candidates in early development fail to
progress to clinics. This is true for products containing nanomaterials just as for other types of
pharmaceuticals. Early development pathways should therefore place high priority on
experiments that help candidates fail faster and less expensively. Nanomedicines fail for
many reasons, but some are more avoidable than others. Some of the points of failure are not
considerations in the development of small molecules or biopharmaceuticals, and so may be
unexpected, even to those with previous experience bringing drug products to the clinic. This
article reviews experiments that have proven useful in providing “go/no-go” decision-making
data for nanomedicines in early preclinical development. Of course, the specifics depend on
the particulars of the drug product and the nanomaterial type, and not every product shares
the same development pathway or the same potential points of failure. Here, we focus on
challenges that differ from those in the development of traditional small molecule
therapeutics, and on experiments that reveal deficiencies that can only be corrected by
essentially starting over—altering the nanomedicine to an extent that all previous
characterization and proof-of-concept testing must be repeated. Conducting these experi-
ments early in the development process can save significant resources and time and allow

developers to focus on derisked candidates with a greater likelihood of ultimate success.
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INTRODUCTION

Developing a nanomedicine shares many similarities
with developing a traditional small molecule therapeutic, but
also presents additional challenges. Recent reviews of
clinical translation of nanomedicines include products that
contain both solid structures and liquid phases, small and
large molecules, and biotechnology-derived and chemically
synthesized moieties (1-3). They are complex, macromolec-
ular, and heterogeneous and change with conditions and
time. This has a significant impact on the strategies and
activities required for their development. This article focuses
on early development—during preclinical proof-of-concept
testing, prototyping, and early feasibility testing of the drug
product. Early development is at the nexus of basic research
and preclinical R&D and often involves collaborations
between academic investigators and industry scientists.
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Studies at this stage may be the first tests of a drug product’s
translational potential and will provide a foundation for
further preclinical development, to eventually include tests
geared at meeting regulatory requirements for an
Investigational New Drug (IND) application (4).

There are many important questions to answer at the
outset of development of a drug product containing
nanomaterials: Is the benefit offered by the product sufficient
to garner investment and/or interest from pharmaceutical
companies? Will it be economically feasible to characterize
and manufacture with sufficient quality controls? What are the
product’s liabilities and how can they be overcome? Another
goal of early development testing is to weed out candidates, to
allow them to ‘“fail early, fail cheap.” Many of the
nanomedicine products in development are novel delivery
systems which offer putative improvements in delivery of
active pharmaceutical ingredients (APIs) that already have a
history of use in patients. For such products, the focus of early
development proof-of-concept testing is on determining the
extent to which the nanoparticle alters the pharmacokinetics
(PK), biodistribution, target-cell uptake, or toxicity profile,
and provides an advantage over existing formulations (5,6).
For products where the nanomaterial itself is the API, or the
API is a new chemical entity (NCE), the criteria for successful
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proof-of-concept may differ substantially and be highly
product specific.

Here, we review early development considerations for
drug products containing nanomaterials, highlighting pitfalls
and successful strategies, with particular emphasis on exper-
iments that can provide “go/no-go” decision-making data.
Recognizing that resources may be extremely limited during
early stages of development, we have restricted the areas for
priority evaluation to five: (1) characterization of the raw
materials used to prepare the nanoformulation, (2) evaluation
of ligand and coating attachment, (3) assessment of drug and
nanomaterial stability, (4) evaluation of in vivo stability and
drug release, and (5) in vitro immunological evaluation
(actually a set of 11 tests, noting specific categories of
nanoformulations where each test may be particularly infor-
mative). Where possible, we have cited examples of methods
for these assessments and have noted which tests may be
informative for specific drug products and nanomaterial
types, since nanomedicines include a broad set of materials.
This article also reviews challenges in establishing preclinical
proof-of-concept for nanomedicine drug delivery systems,
and in initial scale-up of drug products containing
nanomaterials.

These areas for evaluation were selected based on the
results of tests conducted at the Nanotechnology
Characterization Lab (NCL). NCL collaborates with more
than 100 labs working in nanomedicine R&D, including large
pharma, small biotechs, and academic labs. NCL has tested
more than 350 different nanomedicines, many of which were
in early development. These have included many different
nanotech platforms, including liposomes, micelles, emulsions,
dendrimers, metallic, polymeric, and more. We have had the
opportunity to see why, when, and how these products fail to
advance into clinical trials. This article highlights experiments
that NCL has used to identify deficiencies and that we have
noted are often neglected during basic research. Conducting
these experiments early can help developers select candidates
with greater potential for eventual success.

ADEQUATE CHARACTERIZATION

Characterization during early development differs from
characterization in later development, in that it is not
primarily geared at meeting regulatory requirements and
providing data for the chemistry manufacturing and controls
(CMCQ) portion of an IND application. In early development,
characterization is instead focused on providing a thorough
understanding of the physicochemical properties of the
product and how those change with variations in synthesis
processes and conditions. Such characterization of early
candidates will be extremely useful later on, as it will begin
to establish the acceptable range of process parameters that
will become the design space of the product. If adequately
characterized, early candidates used in proof-of-concept
research studies can provide an understanding of the limits
of formulation parameters and nanoparticle physicochemical
properties which produce safe and efficacious products.

Products do not fail because of lack of characterization
per se, but such characterization is critical for avoiding many
of the pitfalls of early stage nanomedicine development (7).
One of the most basic, and often overlooked, characterization

requirements is the confirmation of the structure, molecular
weight, purity, or other features of raw materials used to
prepare the nanoformulation. Complex starting materials
such as polymers and nanoparticle platforms purchased
commercially are particularly susceptible to having physical
and chemical properties deviate from their theoretical/
nominal values. Poly(ethylene glycol) (PEG) is one of the
most widely used reagents in nanomedicine. However, the
molecular weight, purity, and degree of functionalization can
vary widely from manufacturer to manufacturer, or even lot
to lot from a single manufacturer. Figure 1 shows character-
ization of several lots of 20 kDa mPEG-thiol from various
manufacturers, evaluating purity using RP-HPLC with
charged aerosol detection (CAD), and degree of
functionalization (i.e., thiol content) using Ellman’s reagent.
The purity levels differed between manufacturers, and the
percentage of thiol functionalization varied from nearly zero
to almost complete functionalization. In this example, a few
simple characterization steps on the starting reagents helped
to save tremendous time and resources in troubleshooting a
failed or suboptimal formulation of the much more complex
nanomedicine product.
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Fig. 1. Characterization of PEG starting materials; 20 kDa mPEG-
thiol from several different manufacturers was characterized for thiol
content using Ellman’s reagent and purity using RP-HPLC with
CAD. No two batches of the functionalized polymer were identical.
The four different lots evaluated for thiol content show a mole
percentage ranging 1-92%, and two independent lots in the HPLC
chromatograms show different levels of impurities. A quick screen of
the starting materials can help save time in troubleshooting failed
formulation of the nanomedicine product
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For multicomponent nanomedicines, it is important to
quantify the amounts of each component present in the
nanomedicine, and ideally to determine the structure and
interactions between those components. For liposomes and
micelles, quantification of individual lipids and polymers is an
important aspect of characterization, and analysis of the
individual components over time can reveal degradation
products generated during synthesis or during storage.
However, it may not be enough to only measure the amounts
of components. Nanomaterials are macromolecular systems
that have to be made reproducibly, with functional attributes
that also have to be reproducible. Because of this, it may also
be important to include analysis of the physical state of those
ingredients which impact functional aspects (e.g., the release
rate of drug in vivo). These functional attributes differentiate
the lipids/polymers in a nanomaterial delivery system from
compendial excipients. For example, differential scanning
calorimetry (DSC) has proven to be useful for characterizing
the physical state of lipids in liposome formulations and
relating this to drug performance characteristics (8,9).
Thermogravimetric analysis (TGA) is a similarly useful
technique to assess the state of polymeric components.

Ligand and Coating Attachment

It is often extremely challenging to adequately charac-
terize the surface properties of nanomedicines, especially
those with active targeting ligands. Currently, there are no
universal, or even generally applicable, techniques for
quantifying targeting ligands on nanoparticles. Many targeted
nanomedicines will fail to show an advantage over untargeted
controls in initial testing (10-12). This may be for complex
reasons associated with the interplay of passive and active
targeting (13), but for nanomedicines in early development, it
is often simply because the targeting ligand is not attached to
the nanomaterial in sufficient quantities/densities, is inacces-
sible (e.g., masked by polymer coating molecules (14)), or is
in an inappropriate configuration for binding to receptors. It
can save enormous resources to find out in early character-
ization experiments that a targeting molecule is not attached
to the nanoparticle, rather than to make this discovery after
multiple disappointing efficacy studies. This can be readily
identified and fixed, more so than the complexities associated
with active vs. passive targeting in vivo, and so should be
given priority during early development.

The optimal ligand architecture and stoichiometry/
density per particle are often unknown, yet may be critical
to the product’s performance. Furthermore, ligand distribu-
tion on the surface may have inherent heterogeneity due to
the many potential sites of attachment on the particle, and
small changes in conditions during the synthesis process may
readily alter the distribution (15). The effectiveness of active
targeting ligands is usually first assessed and optimized using
in vitro biochemical and biological assays, such as competitive
ELISA (16). Of course, increased cell uptake in vitro does not
necessarily correlate with improved systemic delivery, so
optimizing the per-particle ligand density based on in vitro
experiments may not be probative of performance in animals
or patients.

Surface properties are critical, even when no active
targeting ligand is attached to the particle, since hydrophilic
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coatings, such as PEG, can reduce interactions with plasma
proteins (opsonization) and uptake from the systemic circu-
lation by cells of the immune system (mononuclear phagocyte
system, MPS) (17). Hydrophilic coatings can also reduce
agglomeration of the nanoparticles, which can be important
for avoiding potentially serious toxicities as will be discussed
later. Subtle changes in coating quantity, density, or structure
may not affect the batch-mode particle size distribution
enough to be detected by routine techniques such as dynamic
light scattering (DLS) or nanoparticle tracking analysis
(NTA), and many hydrophilic polymers (including PEG) are
not sufficiently electron dense to have contrast in transmis-
sion electron microscopy (TEM) images (Fig. 2). These
coatings are deliberately chosen for their inertness, and so
may not bind stains and dyes used for polymer quantitation.
Phase analysis light scattering (PALS, i.e., zeta potential) may
be able to detect differences in surface-bound coating
quantities, but will not detect unbound coating molecules,
unadsorbed, or disassociated due to instability.
Chromatographic separation methods using evaporative light
scattering detection (ELSD) or charged aerosol detection
(CAD) can displace and separate the coating from metal
nanoparticles and detect/quantitate bound and unbound
coating, but the particulars of the displacement and separa-
tion from the nanoparticle depend on the type of particle, its
size, and the chemistry of the coating attachment (18).
Knowing the limitations of the characterization tools used
can help identify gaps in an overall understanding of the
physical and chemical properties of the formulation.
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Fig. 2. Limitations in tools for surface characterization. Three
PEGylated gold nanoparticles are depicted: one fully surface-
functionalized (left); one depicting coating instability, affording a
moderately functionalized particle and containing free unbound
coating (middle); and a moderately functionalized particle with no
free unbound coating (right). Batch-mode DLS would likely not be
able to differentiate the three nanoformulations depicted, failing to
detect differences in coating quantity or minor coating instability
issues (the two equalities in the DLS row represent the formulations
that would all appear equivalent in a DLS measurement). PALS
could potentially detect differences in the quantity of surface coating
but would not be affected by free, unbound surface coating in
solution (there is only one equality in the PALS row, representing
that the two formulations with equivalent coatings appear the same,
despite differences in the amount of released coating in the buffer).
RP-HPLC with CAD could be used to readily identify and quantitate
differences in all three formulations (two inequalities in the RP-
HPLC CAD row). It is important to know the limitations in each
characterization tool. In many cases, a combination of techniques is
the best approach to gaining a functional understanding of the
formulation
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Characterization using multiple techniques is the best way to
ensure thorough understanding of the formulation.

Another approach for evaluating surface coatings is to use
separation techniques such as asymmetric-flow field-flow frac-
tionation (AF4) in line with DLS, multiangle light scattering
(MALS), or other detection methods. Formulations can be
separated into multiple bins with well-defined size ranges,
allowing differentiation of populations with and without surface
coatings. If the separation is sufficiently good, coating thick-
nesses and densities can be discriminated, offering a glimpse at
the heterogeneity of the surface functionalization. AF4 separa-
tion can be run on multiple batches or synthesis variants to
assess the reproducibility of the functionalization process and
help optimize the procedure (19). In some cases, information on
the coating orientation, and theoretical structure (e.g., brush or
mushroom (20)), can also be inferred. There are many reviews
on nanoparticle surface characterization (21,22). All of them
stress the importance of surface characterization but highlight
challenges and the lack of broadly applicable methods.

Drug and Nanoparticulate Stability

Drug stability is an early development concern for some
nanomedicines. The process of encapsulating a drug in a
nanoparticle can, in some cases, cause degradation of the
drug. Sometimes this is due to pH extremes caused by
electrochemical gradients used for loading the drug into the
nanoparticle, but it can also be caused by dimerization
reactions due to the high concentrations/close proximity of
the drug molecules within the particle. In addition to the
chemical stability of the drug, nanomaterial stability (also
called colloidal stability or particulate stability) may affect the
performance of the drug product. There are a variety of types
of nanomaterial instabilities, including not only dissolution of
the nanoparticle, but also aggregation, agglomeration, floccu-
lation, and precipitation. These should be monitored care-
fully, as the particulate stability of some nanomaterials may
be exquisitely sensitive to small changes in surface charge,
which may change with dilution or local pH (4). Many
intravenously administered nanomedicines are given by slow
infusion over a period of minutes to hours and are therefore
diluted with buffers (usually saline or dextrose solutions)
prior to administration. It is important to evaluate the
stability of the nanomaterial in these dosing solutions, and
to vary the conditions of the infusion (buffer concentration,
infusion time, temperature), to fully understand the condi-
tions under which the nanomaterial may either fall apart or
aggregate.

Challenges in assessing the aggregation/agglomeration of
nanomedicines under clinically relevant conditions are
highlighted in Fig. 3. A drug product containing a lipid-protein
nanoparticle was administered in an animal study in which
adverse reactions (dyspnea, blue coloration, respiratory distress,
and animal death) were observed in approximately one out of
ten administrations, with no obvious relation to dose or dose-
rate (bolus vs. slow press injection). The respiratory events were
hypothesized to be linked to nanoparticle aggregation during
injection. Though DLS of the formulation showed a broad size
distribution, ranging from ~20 nm to over a micron, it was
difficult to interpret whether the large particle size population
was meaningful (the Z-average size was small, ~62 nm), since

DLS requires dilution of the samples beyond that of the
administered dosing solutions. Laser diffraction experiments
provided confirmatory evidence of the large size population,
possibly representing aggregates, but again did not reproduce
exactly the dosing conditions. AF4-DLS provided further
information on the heterogeneity of the formulation, but again
was not a true measure of the actual dosing solution and did not
show aggregates larger than a micron. Light microscopy images,
aided by a lipophilic dye, provided confirmatory evidence of
large aggregates present in the actual dosing solutions for which
the adverse events occurred. However, it also revealed aggre-
gates in the dosing solutions which had not caused reactions,
making it impossible to rule out if this aggregation had occurred
after the material had been administered. This example
highlights the challenge of analyzing the nanomaterial under
the exact conditions in which it will be administered in vivo, e.g.,
concentration, buffer, pH, etc. Many characterization techniques
require dilution of the sample which may alter aggregation/
agglomeration state. If the exact dosing conditions cannot be
mimicked, multiple techniques must be used (as illustrated in
Fig. 3) to gain an understanding of how the size distribution
changes with conditions.

Nanoparticle aggregation upon intravenous administration
can have potentially serious adverse effects. If aggregates
interact with blood components, they can cause thrombosis or
coagulation (23), and/or they can become trapped in the lungs
(24), potentially causing inflammatory lesions or even embolism.
Biotherapeutic aggregation has been shown to have the
potential to induce a serious immunogenic response in human
patients (25). However, evaluation of aggregation in dosing
solutions can be challenging since there is no good technique to
measure particle size in solution accurately and precisely across
the entire range of relevant aggregate sizes (tens of nanometers
to multiple microns (26)). DLS, which relates rapid fluctuations
in scattered light due to Brownian motion to particle size,
provides an accurate measure in the 20 nm to 1 um range, but
larger particles move too slowly for their Brownian motion to be
accurately measured by this technique. Very large particulates
may escape detection via DLS simply by sedimenting out of
solution (samples cannot be stirred during measurement since
the technique measures particle motion). Classical laser light
scattering (LS) analyzes the spatial variation in scattered light
over a wide range of scattering angles, but this variation is only
significant when particle size is not small compared to the
wavelength of laser light (typically 635 nm), so the technique is
not precise for particulates with diameters in the sub 500 nm
range. Light obscuration and light microscopy can reliably
detect particles >5 pm (27), but may not detect transparent
particles. In particular, the combination of DLS and light
obscuration may miss aggregates in the 1-5 pm range, which is
a size range in which even deformable particulates such as fat
globules can be trapped in the lungs (24). Nanoparticle tracking
analysis (NTA) and resistive pulse sensing (RPS) are also
potentially useful techniques for measuring nanoparticle size in
solution and monitoring aggregation and agglomeration. NTA
has been used recently to detect subvisible particulates in
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Fig. 3. Assessing aggregation/agglomeration in dosing solutions. a DLS measurement (10-fold dilution in PBS) of a lipid-
protein nanoparticle showed a broad distribution with an intensity average diameter of 87 nm. Micron-sized populations
were not definitively detected using DLS. b Laser diffraction (stock, no dilution) of the sample showed a 100-nm population,
but readily detected a larger population >7 pm. ¢ AF4 (5-fold dilution in PBS) separation further highlighted the
polydispersity of the formulation, showing free drug, liposomal drug, and lipid aggregates present in the solution. d Light
microscopy aided by a lipophilic dye confirmed the presence of >10 pm aggregates in the dosing solution (3-fold dilution in
saline). This example highlights the challenges of assessing aggregation under the exact conditions in which the nanomaterial

is dosed

Peginesatide (Omontys; Affymax, Inc.) after it was voluntarily
withdrawn from the market following an unexpected rise in
severe adverse events (including anaphylaxis) upon exposure
(28). The underlying biological mechanism for the hypersensi-
tivity events remains under investigation (29).

Assessing the potential for aggregation upon exposure to
blood is also critical, but is even more complicated. Blood
clots within seconds of venipuncture, and so samples for
analysis must be treated with anticoagulants that may impact
nanoparticle aggregation. Analyzing samples in whole blood
or plasma using routine techniques such as DLS can be very
tricky, as protein signals can swamp and/or overlap with
nanoparticle signals (30). One approach to this has been to
incubate particles in plasma, then wash with water, PBS, or
other buffer to remove any material which did not bind the
nanoparticle. This approach works to provide a qualitative
measure of protein binding, but may not mimic the state of
the nanomaterial in a truly physiological environment. AF4
has also successfully been used to assess protein binding to
nanomaterials (31). Unlike batch-mode DLS, AF4 can
discern different populations that may have more or less
protein binding, but again this approach does not mimic a
true physiological environment. Quartz crystal microbalance
by dissipation (QCM-D) and isothermal calorimetry (ITC)
have also been used, but have similar limitations (32,33).
Quantitative assessment of nanoparticle size and aggregation
in a truly physiological environment remains one of
nanomedicine’s biggest characterization challenges. It is
hoped that additional studies using the abovementioned
techniques will lead to future advances in this area.

In Vivo Stability and Drug Release

Another challenge is assessing in vivo stability of the
nanomedicine, including the extent and time dependence of
drug release from the nanoparticle in blood. We classify this
as an early development consideration because so many
promising nanomedicine formulations fall apart seconds after
contact with blood, even when they exhibit excellent stability
in buffer (7). If the drug escapes instantly from the
nanomaterial, the nanomaterial is little more than a solubi-
lizing agent, and complicated multistage delivery systems,
targeting ligands, and surface chemistries are useless. It is a
“back to the drawing board” moment, and the earlier in the
development process this can be tested, the better.

Nanoparticle stability can be assessed in vitro using a
biological matrix, mimicking in vivo conditions, as part of the
early development process. Unfortunately, it is often difficult
to separate released drug from both nanoparticle-bound and
plasma-protein-bound drug without artefactually extracting
the drug from the nanomedicine. /n vitro methods are also
challenged by the difficulty of mimicking the complex
equilibrium of reversible nanocarrier binding of the released
drug and reversible protein binding that exists in vivo (34).
Dialysis, ultrafiltration, ultracentrifugation, size exclusion, ion
exchange, solid-phase extraction, and liquid-liquid extraction
have all been used (and are reviewed here (35)), but at the
time of writing, there is no universal, or even generally
applicable, method for nanomedicines.
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Our laboratory has recently developed a technique that
has improved accuracy and precision for quantitating in vitro
drug release, and is potentially more broadly applicable than
existing methods (36). The uniqueness of the technique not
only allows for quantitation of drug release from the
nanoparticle, but differentiation between free-unbound drug
and protein-bound drug fractions. The method uses a stable
isotopically labeled version of the free drug to correct for
protein and formulation binding in plasma. The nanoformu-
lation and the stable isotopically labeled drug are allowed to
equilibrate in plasma, an aliquot is subjected to separation
using ultrafiltration, then the normoisotopic and isotopically
labeled drug concentrations in the retentate and filtrate are
measured using LC-MS (36). Since the stable isotope control
essentially corrects for the particulars of the nanomedicine
and released drug interaction with plasma proteins and the
ultrafiltration device, we believe this method will be broadly
applicable to a variety of nanomedicines and can also be used
to measure released drug in plasma samples from
nanomedicine pharmacokinetic studies.

The utility of this method is highlighted in Fig. 4, where a
liposomal docetaxel formulation was compared against two
immediate-releasing formulations of the drug (Taxotere and
acetonitrile-solubilized drug). Assessment of drug release was
performed in a human plasma matrix to mimic physiological
conditions. The liposomal formulation released 90-96% of
the drug at the earliest measurement (=0 min), whereas the
Taxotere and acetonitrile-solubilized drug showed 100%
release. The remaining drug in the liposomal formulation
was released in less than 30 min, suggesting the formulation
was not stable in human plasma matrix (e.g., the release of
doxorubicin from Doxil occurs much more slowly, indicating
stability and controlled release). The liposomal formulation
had shown no signs of instability in buffer.

Immunotoxicity

Though some drug products containing nanomaterials
are made entirely from materials that are generally recog-
nized as safe (GRAS), many incorporate novel, unique
excipients that have not previously been tested in patients.
Many contain both biotechnology-derived (37,38) and small
molecule (39) components in new combinations that may
pose unknown safety risks. It may be difficult to predict how
the human immune system will respond to the novel
product—if it will be immunostimulatory, inhibitory, or
immunologically inert. Early consideration of the immuno-
logical responses elicited from nanomaterial interaction with
blood components and immune cells can help avoid a late-
stage failure of the product over serious immunological
toxicities. Many in vitro assays have been developed for
evaluation of nanoparticle immunotoxicity, and many have
been shown to be reasonably predictive of in vivo responses
(4042).

Table I lists several key in vitro immunology tests that
can be critical for derisking early development
nanomedicines, as well as their potential associated in vivo
consequences (40). A substantial fraction of nanomedicines in
early preclinical development are contaminated with endo-
toxin above allowable levels for parenteral administration to
humans (7). We recommend measuring endotoxin levels prior
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Fig. 4. In vitro drug release in plasma. The in vitro drug release in
plasma for a a liposomal docetaxel (DTX) formulation was compared
to two commercial unstable, immediate-releasing formulations of
docetaxel, b Taxotere, and ¢ acetonitrile-solubilized docetaxel. The
liposomal formulation released 90-96% of the drug by the earliest
time point measured (0 min), whereas the Taxotere and acetonitrile-
solubilized formulations showed 100% release. The remaining <10%
drug in the liposomal formulation was released within 30 min,
suggesting the formulation was not stable upon contact with plasma.
Assays to measure drug release in plasma can be used to quickly
screen for unstable formulations

to any of the other tests in Table I, since endotoxin can
contribute to positive responses in some of the other assays
(43,44). Endotoxin testing will be particularly important for
drug products with components produced in Escherichia coli.
Filtration, purification, or sterilization may not be possible
without altering critical attributes of the formulation. In vitro
analysis of hemolysis has been shown to be highly correlative
to in vivo response. An in vitro hemolysis rate of 2-5% is
considered mildly hemolytic, while >5% is considered
strongly hemolytic (45). Hemolysis is often a concern for
drug products with components that are cationic or contain
surfactants. Even if the nanoformulation itself is neutrally
charged, if it releases cationic components when it dissolves in



98

Grossman et al.

Table I. Immunological Considerations for Early Development

Early development in vitro tests

Immunological responses

Formulation properties of concern

Endotoxin Inflammation, septic shock
Hemolysis Anemia, hemorrhage
Platelet aggregation Thrombogenesis

Plasma coagulation Thrombogenesis

Complement activation

Total protein binding
Phagocytosis

Leukocyte procoagulant activity
Leukocyte proliferation

Anaphylaxis, CARPA

Thrombogenesis

of pathogens

Cytokine induction Cytokine storm, DIC

Predictive of MPS uptake
Predictive of MPS uptake

Components produced in E. coli

Cationic components; contain surfactants

Cationic components

Anionic components; nanoparticles for nucleic
acid delivery

Nanoparticles for nucleic acid delivery

Particles >300 nm; nonsurface coated

Particles >300 nm; nonsurface coated

Cationic components

Inhibits immunogenic recognition -

Nanoparticles for nucleic acid delivery;
components produced in E. coli

These in vitro immunological tests are recommended as part of the early preclinical development process (40). Types of nanomaterials where
each test is likely to be particularly informative (i.e., reveal a potential concern) are listed in the third column. Many of these in vitro screens

have strong correlation and predictability to in vivo outcomes (42)

CARPA complement activation-related pseudoallergy, MPS mononuclear phagocytic system, DIC disseminated intravascular coagulation

blood, these can cause significant hemolysis. /n vitro tests for
platelet aggregation, plasma coagulation times, and leukocyte
procoagulant activity are good indicators of in vivo
thrombogenic reactions. Leukocyte procoagulant activity
may be an important screen for drug products with cationic
components. Assays for complement activation, when using
human or nonhuman primate blood, have also been good
predictors of in vivo reactions such as complement activation-
related pseudoallergy (CARPA). Biological matrices from
other animals are not recommended for in vitro screening of
CARPA. Complement activation is of particular concern for
nanoparticles for nucleic acid delivery and for lipid excipients.
Protein binding (opsonization) and phagocytosis assays are
good indicators of in vivo biodistribution and accumulation in
organs of the MPS. Total protein binding can also be used as
a metric for optimizing polymer coating coverage and stability
(46). Leukocyte proliferation assays have shown moderate
in vitro to in vivo correlation, but still are considered a high
priority assay for early immunological screening. Finally,
in vitro evaluation of cytokine and interferon production are
excellent indicators of cytokine storm reactions and dissem-
inated intravascular coagulation (DIC) or DIC-like reactions.
Cytokine/interferon screening may be important for drug
products for nucleic acid delivery and those with components
produced in E. coli (36). Most of these in vitro assays have
been validated and verified to work for a variety of
nanomaterials. That this in vitro screen can be performed
relatively quickly, and it can help avoid deleterious in vivo
outcomes, make it a critical part of the early development
process of drug products containing nanomaterials.
Whenever possible, the individual components of a
nanomedicine drug product should be screened alongside
the final product. This is because the individual components
may elicit separate responses that are then either additive (or
even synergistic) or inhibitory. If this is discovered early,
certain inessential reagents or raw materials that amplify
negative responses to essential components may be swapped
out for others. For example, the screening scheme in Table I
might reveal complement activation by certain lipids in a

hypothetical nanomedicine for delivery of therapeutic oligo-
nucleotides. If the oligo also activated complement (this is not
far-fetched—certain lipid excipients have been shown to
activate complement (47), as have certain therapeutic oligo-
nucleotides (37)), developers could try alternate lipids and/or
oligos. Such optimization of the nanomedicine will be less
costly during early development, since fewer experiments
have been conducted, and thus fewer must be repeated to
conclude that the optimization has not altered the drug
product’s performance. If the developers decide to go ahead
with the combination, at least they do so with awareness of
the risks, and so are vigilant to possible future indications that
their product may cause CARPA.

PRECLINICAL PROOF-OF-CONCEPT

No preclinical model can perfectly reproduce all the
elements of human disease, and many have noted the
limitations of preclinical models for predicting clinical efficacy
(48,49). To maximize predictability, drug products containing
nanomaterials should be evaluated in multiple models, in
comparison to carefully selected controls (e.g., an empty
nanomaterial control and untargeted controls, as relevant).
The nanomedicine should also be compared to the standard
of care treatment, and the route of administration should
mimic the clinical case as closely as possible. Many intrave-
nous drug products are administered clinically via slow
infusion and/or via multiple injections, which may be imprac-
tical in rodents, but which should be considered and tested if
possible, as these may lessen the advantage of controlled
release nanomedicines over the standard of care in patients.
Preclinical oncology models should be selected carefully,
since there may be structural differences between naturally
occurring tumors and subcutaneous or orthotopic xenograft
models which can impact nanoparticle delivery. For example,
variations in tumor vascularity may be particularly important
for proof-of-concept efficacy studies for cancer drug products
containing nanomaterials (46).
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In vitro experiments can be useful for establishing proof-
of-concept, but must be regarded with cautious attention to
their limitations. In vitro systems never allow full evaluation
of the effects of distribution, or mimic exactly the conditions
the nanomedicine will face in vivo. Aspects such as targeting
can never be fully evaluated in vitro and will require in vivo
proof-of-concept experiments. Nanoparticles loaded with
fluorescent dyes are also frequently used to study the
in vivo distribution of nanomedicines in preclinical animal
models. This may be problematic, as many dyes leak from the
nanoparticles, do not mimic the release rates of carried drugs,
and are therefore misleading indicators of biodistribution,
cellular uptake, and intracellular distribution (50).

It is important that proof-of-concept studies be conducted
with thoroughly characterized material, even though the
material will inevitably be optimized during later development,
and even though the regulatory filing will only contain
characterization data on the final, optimized formulation.
Thorough characterization of early candidates will provide
confidence that later candidates (formulations produced for
safety and efficacy testing in later development and eventual
GLP studies) reproduce critical attributes. This is important not
only for physicochemical properties such as particle size
distribution, charge, agglomeration state, composition, and
purity, but also for performance characteristics such as drug
release and target binding. For drug products containing
nanomaterials, it is particularly risky to advance products based
on single batch results. Instead, developers should generate and
test multiple process/formulation variants to understand the
tolerances of synthesis processes and determine specifications.
Nanomedicine developers have cited this type of “combinatorial
screening and optimization” analysis of a library of multiple
variants as a best practice for nanomedicine development (16).
These developers intentionally synthesized and tested pilot-
scale batches of process variants by varying the manufacturing
conditions (e.g., different pH, temperature, different amount of
lipids, polymers, etc.), then characterized and tested these
in vitro and in pharmacokinetic studies to discriminate changes
that were significant. Developers have also generated small-
scale batches of specific structures (e.g., with differences in
particle size), or formulation variants, and characterized and
tested these for in vitro, pharmacokinetic, and efficacy differ-
ences (51). This can be an effective way to determine the critical
attributes of a nanomedicine and to link those attributes to
process variables. This type of approach can greatly facilitate the
scale-up of nanomedicine products.

Stability and Compatibility with Scale-Up

Drug products containing nanomaterials, especially those
functionalized with targeting ligands, are often expensive to
produce and may be the result of low yield processes. Many
early development investigators therefore opt to conduct
proof-of-concept experiments with freshly made material, and
have not performed studies to examine the stability of the
material over time or in response to varied conditions (e.g.,
upon freeze-thaw, varied storage temperatures, stored in
different containers, efc.). Such practice limits the character-
ization that can be done on each batch of material, which may
preclude a thorough understanding of the batch-to-batch
consistency of the product. Our lab has previously published

recommendations for monitoring batch-to-batch consistency
of drug products containing nanomaterials (7,52). While not
all characterization parameters need to be remeasured for
each batch, it is important to establish the most meaningful
lot release assays for each individual formulation, for example
size/polydispersity, drug release, in vitro biological activity,
etc. Biological screening of multiple well-characterized
batches will help to elucidate the most critical parameters to
monitor for each individual formulation.

Another consideration: If it turns out later that the
material has a limited shelf life stability (e.g., is only stable for
hours to days), this may greatly limit the prospects of the drug
product. In these instances, developers must figure out and
optimize lyophilization/reconstitution conditions that do not
alter the drug product, which may be challenging, particularly
for intricate and/or delicate nanomaterials. In addition to
shelf life, there are an almost overwhelming number of
interactions (e.g., with filters, storage containers, syringes, in
transit, etc.) which must be examined for a thorough stability
analysis. Due to their high surface-to-volume ratios,
nanomaterials are reactive, and physical interactions with
surfaces may alter the formulation or reduce the administered
dose of the drug product (4). In general, developers should
aim for at least 3 months stability under conditions reason-
ably expected to be encountered in the lab, clinic, and in
transit, and the stability should be optimized as a part of early
development.

Nanomedicines are complex biophysical systems, where
even small changes to synthesis processes frequently cause
alterations to the drug product, and it may be impossible to
predict if and/or how such alterations will impact performance.
Efforts to move toward processes at clinical scale may therefore
require repeating earlier characterization and proof-of-concept
testing to ensure the impact of the changed processes is
thoroughly understood. Researchers with backgrounds in small
molecule development are often resistant to address stability
and scale-up during early development, arguing that it does not
make sense to spend time and resources optimizing the synthesis
and evaluating stability, or in developing scaled-up processes,
for material that has not been fully established to work.
However, in many cases, the intricacy of nanomedicines, their
sensitivity to conditions, and the difficulties associated with their
characterization make it important to address stability and scale-
up as early as possible. The more complicated the formulation,
the earlier these issues should be examined and addressed.

Many nanomedicines fail during scale-up when charac-
terization techniques used for lot release miss subtle varia-
tions in process parameters. We have previously discussed the
importance of including biological assays for potency in
quality assurance testing regimens during scale-up, since
analytical and physicochemical characterization may not be
adequate to detect differences in product efficacy (6). Quality
by design (QbD) approaches, such as testing libraries of
formulation and process variants, can be a significant help in
avoiding failures during scale-up. Characterization during
early development scale-up can also make use of research
techniques that may be too unwieldy or time consuming for
lot release during later stage development. Once the
nanomaterial is well understood and its synthesis optimized
and controlled, these techniques can be replaced by faster,
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less resource-intensive methods that require less sample prep For example, DLS is widely used for analysis of
or methods development—provided the relationship between nanoparticle size in suspension as it provides a quick measure
the measurements and their sensitivities has been thoroughly  of hydrodynamic size and size distribution. However, batch-

established. mode DLS may not be sufficiently sensitive to detect process
Z-Avg Int-Peak
Batch # nm Pdl nm % Int-Peak
A1 28+0 0.32 +0.01 401 92+0
A2 27 +1 0.48+0.06 44 +1 90+0
A3 19+0 0.63+0.00 451 810
A4 21+4 0.28£0.02 23 =1 91+2

A1 des= 30+4 nm A2 des=34 +6 nm

—
20 nm

Fig. 5. DLS and TEM screening of process variants. This figure shows the elements of an
extensive analysis of multiple batches of gold nanoparticles during scale-up of a drug
product containing the particles. DLS and TEM measurements are shown for four batches
of gold nanoparticles made using the same synthesis procedure, in which Na-citrate was
added to a boiling aqueous solution of HAuCl,. Both DLS and TEM measurements
identify batch A4 as an outlier, with substantially smaller particle size than the other
batches, though only TEM allows analysis of differences in the shape distribution. The
comparison of DLS and TEM for a larger set of process variants, where the reaction
conditions were tested more extensively (e.g., Na-citrate and HAuCl, were mixed at room
temperature then heated to boiling, HAuCl, was added to boiling Na-citrate solution, or
Na-citrate and HAuCl, were added to boiling H,O) was previously published here (52).
Testing during early development scale-up can bridge the toolsets of basic and preclinical
research and begin to establish quality control testing criteria for the product
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variations, and separation such as AF4 in line with DLS may
be required to increase resolution (53), or alternate methods
evaluated (e.g., NTA, RPS), until a combination of charac-
terization techniques is arrived at that successfully detects
significant process variations or changes to critical attributes.
Transmission electron microscopy (TEM) image analysis can
be used to characterize the size and shape distribution of the
nanomaterial (54) while optimizing scaled-up synthesis pro-
cedures, and the results can be compared to establish the
sensitivity of each technique to process changes. Figure 5
shows TEM and DLS analysis of multiple batches of gold
nanoparticles during an evaluation of scale-up processes. All
the batches were made by adding Na-citrate to an aqueous
solution of boiling HAuCl, with slight differences in mixing
conditions. Here, both DLS and TEM identified batch A4 as
an outlier, with substantially smaller particle size than the
other batches. The comparison of DLS and TEM for a larger
set of process variants was previously published (52).
Simultaneous analysis with orthogonal techniques (e.g.,
TEM, DLS, NTA, RPS) can be helpful while the synthesis
is being optimized and can establish the ability of particular
techniques to detect variations in conditions or processes.

CONCLUSIONS

Pharmaceutical drug product candidates should be tested
in experiments which expose deficiencies that may be “show
stoppers” or “back to the drawing board moments” as early
as possible. “Fail early, fail cheap” is a generally accepted
means of improving the efficiency of pharmaceutical R&D
and is not unique to nanomedicine (55). However, the tests
which identify common points of failure for nanomedicines
are different than those for small molecule drugs or
biopharmaceuticals. Here, we have reviewed five go/mo-go
evaluation sets for nanomedicines in early development: (1)
characterization of starting materials, (2) evaluation of ligand
and surface coatings, (3) analysis of drug and nanomaterial
stability, (4) assessment of in vivo stability and drug release,
and (5) evaluation of in vitro immunological responses.

Testing in these five areas is obviously no guarantee of the
eventual success of a nanomedicine product. They are recom-
mended for early development because they are often
overlooked during basic research, but potentially reveal critical
deficiencies that will be expensive to correct later on. These tests
can also help establish a preliminary understanding of the
relationship between the physicochemical characteristics of the
product and its performance and safety. This is a first step
toward what will eventually become the critical quality attri-
butes and quality control testing criteria for the product.
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