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ABSTRACT

During the past two decades the field of nanomedicines has experienced significant
progress. To date, over sixty nanoparticle (NP) formulations have been approved in the
US and EU while many others are in clinical or preclinical development, indicating a
concerted effort to translate promising bench research to commercially viable
pharmaceutical products. The use of NPs as novel drug delivery systems, for example, can
improve drug safety and efficacy profiles and enable access to intracellular domains of
diseased cells, thus paving the way to previously intractable biological targets. However,
the measurement of their physicochemical properties presents substantial challenges
relative to conventional injectable formulations. In this perspective, we focus exclusively
on particle size, a core property and critical quality attribute of nanomedicines. We
present an overview of relevant state-of-the-art technologies for particle sizing,
highlighting the main parameters that can influence the selection of techniques suitable
for a specific size range or material. We consider the increasing need, and associated
challenge, to measure size in physiologically relevant media. We detail the importance of
standards, key to validate any measurement, and the need for suitable reference
materials for processes used to characterize novel and complex NPs. This perspective
highlights issues critical to achieve compliance with regulatory guidelines and to support
research and manufacturing quality control.
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INTRODUCTION

Nanomedicine can be defined as the field in which nanotechnologies are applied for the
diagnosis, prevention and treatment of disease (1). There are different types of
nanotechnologies used in nanomedicines, however for the purposes of this perspective,
we are focusing on nanoparticle-based products ranging in the nanometer size from
1-1000 nm. The size range associated with nanotechnology varies according to different
definitions and organizations. The Organization for Standardization (ISO) and the US
National Nanotechnology Initiative and European Commission define “nanoscale” as
having dimensions between roughly 1 nm and 100 nm, whereas this perspective uses the
broader definition applied commonly by industry. These nanotechnologies (Figure 1) can
include nano-delivery systems that contain encapsulated, dispersed, adsorbed or
conjugated drugs and/or imaging agents (2). The nanomedicines field has grown and
evolved substantially, as shown both by the number of peer reviewed publications in
nanomedicine related areas (>22,000 in the past 10 years (Web of Science Boolean
search, refer to Supplementary Material for details)), and the increasing number of
clinical trials (about 200 ongoing (PharmaCircle search, refer to Supplementary Material
for details) involving nanoparticles (NPs). The interest in this field, driven by the potential
for targeting new cell compartments and improving half-life and biodistribution of drugs,
has also attracted the attention of regulatory agencies and underscored the need to
define critical quality attributes (CQAs) specific to nanomedicine (3). Amongst CQAs,
particle size analysis with accuracy and precision is a principal physicochemical property,
necessary to define the quality of nanomedicines, from both an academic (research) and
an industrial (development and manufacturing) perspective. Particle size analysis in NP-
based products is important for understanding how size may change with time, thus
indicating product shelf life and NP stability, and differences in drug loading. Size can also
determine a NP’s ability to accumulate in selective tissues (e.g., tumors) via, for example,
the enhanced permeation and retention effect. Unlike small molecule drugs and proteins,
NP-based drug delivery systems can span a wide range of physical sizes in the nanometer
range and are typically polydisperse. Additionally, these systems are generally dispersed
in a complex aqueous medium where they require treatment to ensure colloidal stability.
Often, there are agglomerates present that must also be detected and characterized for
purposes of manufacturing quality control, efficacy and safety. This presents substantial
challenges in terms of reliable and reproducible measurements, critical issues that have
been raised recently by the scientific community (4).
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Figure 1. Pie chart showing relative distribution of nanomaterials used in drug products
that were submitted to the FDA from 2010-2015 (Adapted from D’Mello et al.(5)). The
chart has been simplified by grouping related materials. For example, polymeric NPs
includes iron-polymer complexes, micelles, dendrimers, and polymeric NPs.

In 2017, the authors formed a particle size focused subteam under the auspices of the
Nanomedicines Alliance, jointly with the European Technology Platform for
Nanomedicine. This group had representatives from industry (AstraZeneca, NanoCarrier
US and Pfizer), government (FDA-CDER, NCL and NIST) and academia (Trinity College
Dublin). The Nanomedicines Particle Size Team (NPST) focused on disseminating the
scientific and regulatory aspects and policy needs of nanomedicines with an emphasis on
size measurement. NPST organized three symposia focused on particle size, with the
objective of attracting strong leadership and expertise in the particle size analysis field to
share their diverse and applied knowledge. The result, a symposium on “Particle Sizing of
Nanoparticles: From Regulatory & Metrology Aspects to Application & Analysis” was
organized through the American Chemical Society during the August 2018 meeting in



Boston, MA. Two additional symposia followed at the European Foundation for Clinical
Nanomedicine meeting (CLINAM 2018) in Basel, Switzerland.

Three common themes resonated throughout the particle size symposia at these two
separate international events: 1) Selection of appropriate analytical techniques for
particle sizing and the importance of orthogonal analysis, 2) Selection of appropriate
media for relevant particle size measurements and 3) Reference materials and standards
for nanomedicine applications. This perspective aims to discuss and provide insight into
these three themes by highlighting the various analytical sizing techniques available, the
importance of particle sizing under physiological conditions, and the need for
metrologically defined standards. As one of the fundamental CQAs for preclinical and
clinical product development, size has a pivotal role in quality control (QC) where it is a
key acceptance criterion for manufactured NPs and NP-based drugs. It can be used to
define their shelf life and handling. Size is also a critical measurement in early design of
nanomedicines to explore effects of different sized NPs in the context of their in vivo
performance, such as prolonging plasma circulation, tissue penetration, and intracellular
uptake, for example. The focus of this perspective will be on the QC aspects and its impact
on injectable NPs drug products.

During the aforementioned meetings, a definitive need for novel and orthogonal
characterization techniques was highlighted. There are several requirements within each
sizing technique that needs to be taken into account in order to correctly interpret the
implications of what is measured for the CQA. Some requirements are basic for any
analytical technique, such as measurements need to be reproducible, true and precise.
Other requirements are very specific such as the composition of NPs, the importance of
assessing a broad range of concentrations under diverse handling and storage conditions
(e.g., to cover a clinical dose range), and the capacity to measure a broad size range,
including smaller NPs (for example dendrimers in the sub 20 nm region) emerging as new
drug delivery systems (6, 7) as well as aggregates and agglomerates. Lastly, as it relates
to a high throughput setting, the ease of sample handling and automation is valuable to
industry. More recently, orthogonal analysis, particularly with respect to size
measurement, has been recognized as critical to reliable/reproducible characterization of
NPs in biomedical applications (8). Diverse sizing techniques are commercially available
and instrumentation improvements taking into account NP shape, polydispersity,
dispersing media or solvent, concentration, particle composition and interactions with
the measuring system, are expanding to provide a range of options. For instance, industry
would benefit from online measurements compared to offline or “batch sampling”. The
adoption of cost-effective solutions, for instance when separation and characterization
are achieved in a single analysis, can potentially reduce the development costs for
nanomedicines.

Measurement Technologies — A Brief Overview



There are a considerable number of analytical sizing techniques (and instrumentation)
available to the researcher and selecting the appropriate method can be challenging.
Choosing the appropriate technique depends on many parameters such as NP type, size,
and concentration, to name a few. Since it is impossible to cover every sizing technique,
we have decided to focus on the more commonly used and available sizing techniques
(Figure 2). The more traditional techniques that are currently widely used in research and
industry are dynamic light scattering (DLS), laser diffraction (LD), and electron microscopy
(EM). This is followed by a discussion on the application of separation, namely SEC (size
exclusion chromatography) and FFF (field flow fractionation), coupled with light
scattering to help with resolution issues. Finally, a discussion on relatively new sizing
techniques (for example, nanoparticle tracking analysis (NTA), tunable resistive pulse
sensing / resistive pulse sensing (TRPS/RPS), and Taylor dispersion analysis (TDA)), which
do not require a separation process but can still analyze polydispersed samples, is given.

DLS is the most widely available and extensively used analytical technique for sizing in the
nanoscale region. It is a popular technique used by both academics and industry because
the instrumentation is relatively inexpensive and simple to use (5). Despite the reliance
on DLS for routine particle sizing, this technique is impacted by several limitations mainly
around the three themes previously mentioned, therefore the use of orthogonal sizing
techniques from the very early stages of product development is highly recommended.
One of the drawbacks of DLS and, more generally, of techniques based on light scattering,
is that the amount of light scattered by a particle is strongly correlated with particle size.
This is a concern for smaller NPs (diameter < 10 nm), since the presence of a small number
of large particles can scatter much more than a large population of small particles, which
would then contribute marginally to the total signal.

Laser diffraction (LD) is a well-established sizing technique in the pharmaceutical industry.
The intensity of the scattered light as a function of angle is used to calculate the size of a
volume-equivalent sphere based on Mie theory. LD has been historically associated with
analysis of large particles, i.e., sub-micrometer to millimeter size range, but advanced
optics extend measurement into the nanometer range. As a result, LD has a wide dynamic
range and is a relatively fast measurement. However, the optical properties, namely the
refractive index and the imaginary component, of the particles must be known. In the
absence of this information, modelling is performed to determine the optical properties
which can in turn lead to errors (9).

Another traditional and widely used sizing technique is electron microscopy, e.g.,
transmission and scanning electron microscopy (TEM and SEM), which is an imaging
method applied generally to dry deposited samples. EM has been used for decades to
measure particle size and define morphology simultaneously. One of the main limitations
of this technique is sample preparation, which requires drying the sample on a solid
substrate, and often negative staining (for organic components). Both procedures can
potentially create artefacts due to aggregation. Additionally, to obtain a statistically
significant representation of a sample, multiple image acquisitions are needed, requiring
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software to help analyze the images and to reduce human bias. The introduction of
Cryo-EM has further reduced artefacts generated due to staining and drying, as the
sample is vitrified, and, with highly ordered samples, the resolution can be angstrom level
(10). Unfortunately, the expensive instrumentation required, the need for a skilled
operator, maintenance costs and the turnaround time of analyses (especially for
Cryo-EM) render the use of this technique prohibitive in terms of routine batch QC on
manufactured NP batches. However, this is a prominent technique in the product
discovery phase to evaluate not only size, but other CQA’s such as morphology.

The techniques discussed up to this point are “batch mode” methods. Examples of flow
mode methods include SEC and FFF, which, when coupled with a series of different
detectors, may improve resolution even at the smallest size range (11, 12). These
techniques are coupled at the front end with a liquid chromatography system, which can
be easily automated making the sample handling efficient and enabling for high
throughput analysis. However, in contrast to most batch techniques, separation-based
techniques generally require method development for each type of NP platform to ensure
robust and accurate measurements, thus they can be more time consuming, at least
initially. For sizing applications, both SEC and FFF are typically coupled to at least two
detectors: for example, UV-Vis, refractive index (RI) or multi-angle light scattering (MALS).
Additionally, the inclusion of on-line DLS with SEC or FFF can overcome the polydispersity
issue associated with DLS batch measurements. The multi-detector approach has the
capacity to provide mass concentration, composition, molar mass, size and shape of each
detected NP population in a single experiment. Nevertheless, to obtain information on
size and shape from combined MALS and DLS results, the NPs must be larger than about
10 nm (i.e., for small isotropic scatterers, the radius of gyration, Rg, cannot be determined
by MALS). In order to overcome this limitation, some instruments have been equipped
with a viscometer, which provides intrinsic viscosity data and allows for size measurement
of isotropic scatterers. On the other hand, on-line DLS allows size measurements over
the entire nanometric range. FFFis a separation technique without a solid phase that can
be used to fractionate samples in complex mixtures and covers a wide size range. There
are several typologies of FFF on the market that use different forces for separation of
which Asymmetric-Flow Field-Flow Fractionation (AF4) is the most widely used. SEC and
FFF share some aspects (they are both liquid based separations) and the choice of using
one technique over the other is highly dependent on the target analyte; FFF offers more
flexibility with respect to sample type and mobile phase, however method development
can be time consuming and challenging (11, 13). That said, the adoption of FFF by the
pharmaceutical and nanotechnology industries is rapidly accelerating. In recognition of
this increasing awareness and utilization of FFF measurement technology, the
International Organization for Standardization (ISO) recently published the first
international standard on the application of FFF for nanoparticles (14).

Generally, batch techniques can struggle with the analysis of polydisperse samples,
although there are some techniques that are able to resolve multiple populations in a
single system, for instance NTA and TRPS (15-17). NTA (also referred to more generally as
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particle tracking analysis) is based on light scattering detection, but with the addition of
a charge-coupled device camera and advanced software that can track the trajectory of
individual NPs. NTA provides an improvement in resolution of different size particles
compared with DLS, nonetheless NTA has a low-end size limit (tens of nm) that is above
DLS due to the tracking technology (16, 18). An added feature of NTA is the simultaneous
measurement of size and particle concentration. An extension to NTA, multispectral
advanced nanoparticle tracking analysis (MANTA) incorporates three lasers at different
wavelengths which allows for the simultaneous analysis of polydispersed samples and a
wider dynamic size range. In TRPS which is based on impedance due to a particle passing
through a nanopore, yields three properties simultaneously: particle size, particle
concentration and zeta potential. In contrast to the other techniques mentioned in this
section, which are based on first principles, TRPS analysis requires calibration, which adds
time to the measurement procedure, but also improves traceability. This can be both a
detriment and a benefit depending on the application. Nevertheless, NTA and TRPS share
a common limitation: the smallest size that can be accurately analyzed is several tens of
nanometers, excluding a large portion of drug delivery systems that do not meet this size
cutoff.

Taylor Dispersion Analysis (TDA) is based on dispersion of a solute plug in a capillary under
laminar Poiseuille flow (19). Recently, an automated characterization system based on
TDA with UV detection became commercially available, and as a result TDA is gaining a
renewed interest in industry. For instance, at AstraZeneca several small NP products have
been screened for size using this novel instrumentation, producing comparable data to
other orthogonal techniques. In this instrument, a microcapillary flow system is coupled
with a UV-based detector, enabling mass-weighted sizing measurements that are not
adversely affected by the presence of a small amount of large species in solution and
producing more robust results at the very small scale (0.3 nm to 20 nm) (20).
Nevertheless, each technique has limitations; TDA can be biased by the presence of
chromophoric impurities in the sample and interactions between solutes and capillary
walls that can impact results; additionally, this is still a batch-mode technique and
polydisperse samples cannot be effectively analyzed.

Looking forward, the ideal instrumentation would have the ability to characterize not
just NP size, but also NP concentration and perhaps surface charge and shape properties
at the single NP level in a wide range of media and relevant NP concentrations.
Nevertheless, no such “ideal” instrument yet exists, and therefore orthogonal
measurements are necessary in most cases to obtain the required size and size related
information for nanomedicine applications. The shear diversity and inherent complexity
of nanomaterials require careful selection and application of appropriate techniques.
The recent emergence of new technologies and the continuing effort to develop and
expand the sizing tool box for nanotechnology is extremely encouraging.
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Figure 2. Schematic representation comparing the applicable size (diameter) range for
different sizing techniques of nanoparticles. Note that these ranges are approximate
and can depend highly on other material or matrix properties.

Measurement Media

The second focus or theme of this perspective is the selection of appropriate media to
use for particle sizing measurements and the resulting factors that must be considered.
This is critical and is dictated primarily by the context of the measurement (i.e., purpose).
For instance, measuring size under storage conditions versus use conditions (e.g.,
physiological media, buffers or dispersant). The type of media used in both the storage
and physiological conditions can greatly impact particle size measurement. Depending on
the storage condition, an aqueous buffer solution (e.g., phosphate buffer saline (PBS),
saline) containing a lyoprotectant (e.g., 10 % sucrose) could be used if the NP were stored
at -80°C or below. In the case of physiological conditions, whole blood would be the ideal
medium, but typically serum or plasma is used instead.

The choice of which aqueous buffer solution is used for particle sizing measurements
depends on the type of NP and its stability in that medium. For example, at a minimum,
particle sizing in the storage medium (i.e., native dispersing medium) should be made at
stock concentration (depending on what sizing technique is employed) and at several
dilutions. These types of measurements assess the NP storage or shelf-life stability (21).
Additional aqueous solutions should be tested such as those used for zeta potential
measurements (typically low salt concentration media) and in vitro drug release studies
(if performed using non-protein containing media). Measurements in PBS are often used
to mimic physiological conditions in the body and the in vitro drug release media is
typically PBS. While PBS is a “clean and ideal” dispersant solution, the lack of protein-
content makes it a non-indicative solution to be used when assessing the potential NP-



protein interactions in a physiological environment. Regardless of the aqueous buffer
solution chosen, currently available sizing instrumentation is equipped to handle these
types of measurements.

However, a word of caution is needed regarding measurement conditions and analysis
which are often technique-dependent. Measurements at stock concentration are ideal
but often impractical. For example, multiple scattering can occur for light scattering
methods (i.e., DLS) or clogging of pores for single-particle counting methods (i.e., TRPS).
Techniques that measure size indirectly through the measurement of diffusion
coefficients require knowing the viscosity of the sample. Thus, the dependence of
viscosity on sample concentration would be required for accurate size measurements. As
a result of these issues, samples are often diluted. This raises a question: how much can
a sample be diluted to address the above-mentioned issues while maintaining both good
instrument signal and practical relevance? Some techniques such as TRPS may require the
addition of surfactant to the dispersing medium for the method to work properly; the
effect of such an addition on NP integrity would be better elucidated through
measurement using orthogonal techniques.

Particle sizing assessment under physiological conditions is more relevant and more
challenging to measure (22). For nanomedicines that would eventually be administered
intravenously, the particle size in a more appropriate physiological medium such as whole
blood would represent a more accurate descriptor in vivo. This size would contain plasma
proteins that have bound to the surface of the NP, which is often referred to as the protein
corona. This larger size and new surface chemistry will ultimately dictate the NP’s
biological performance. However, due to the large micrometer sizes of red and white
blood cells (RBCs and WBCs) relative to the nanoformulations, it is not a trivial matter to
simply measure in whole blood. In addition to their size, the relatively high concentrations
of both the RBCs and WBCs would dominate the sample. Moreover, blood is a complex
mixture of proteins, RBCs and WBCs, platelets, and co-factors among other things making
it very viscous and impractical to run in most instruments without dilution. Finally, human
blood is regarded as a biohazard and potentially infectious thus making it non-ideal from
a safety and logistical perspective.

As an alternative, plasma or serum is used instead. The RBCs and WBCs are removed in
plasma while serum is plasma with the clotting factors removed. Thus, the large blood
cells, which limited the size measurements, are now removed, and we are left primarily
with the plasma proteins. However, the protein concentration in plasma and serum is still
relatively high. The proteins, namely albumins, globulins, and fibrinogen, can be present
at concentrations up to 50 mg/mL. Using DLS as an example, size measurements on either
plasma or serum alone results in a multimodal-size distribution (intensity-weighted
distribution) with hydrodynamic sizes ranging from 7 nm to 100 nm making NP sizing
difficult (J.D. Clogston, unpublished results). This limitation is overcome by measuring in
diluted plasma or serum, typically 10%(v/v) (9, 23). Diluting the plasma and/or serum
reduces the protein concentration and its contribution/interference in sizing
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measurements. However, this may still not represent a true physiological assessment.
From a logistical instrument measurement point of view, the reduced protein
concentration minimizes the potential swamping of signal due to high protein
concentrations, fouling/clogging of the instrument, and reduced viscosity. The latter is
important in sizing methods that require the viscosity to be known; as noted earlier,
plasma and/or serum is complex and by diluting it, its viscosity approaches that of the
dispersing medium. However, caution is still needed when working with diluted plasma
and/or serum. For example, batch-mode DLS (off-line measurements made without any
separation process) may require adjusting the NP concentration accordingly to have
sufficient signal relative to the protein. Flow-mode DLS analysis (measurements made
after separation such as SEC or AF4) is often better suited as the plasma proteins can be
separated from the NPs.

Despite the limitations and considerations needed when making measurements under
physiological conditions, techniques such as AF4-MALS/DLS, NTA, and TRPS have been
used successfully to measure nanoformulations in plasma and/or serum (24). Sizing of
colloidal gold NPs (25), polymeric micelles, and iron oxide NPs (26) in serum has been
accomplished using AF4-DLS/MALS. PEGylated gold NPs (27, 28) and silica NPs (29) have
been sized in the presence of serum proteins using NTA. TRPS has been used to measure
the size and size distribution of silica NP (30) and nickel NPs (31) in the presence of serum.

While the FDA does not specify the medium in which to measure size, FDA does mention
that the nanomaterial should be adequately characterized in a relevant media (32).
Regarding particle sizing, it is beneficial to make measurements in both aqueous buffer
solutions and in the presence of plasma and/or serum. The former will give information
on shelf-life/storage stability, while the latter on how proteins will influence the NP size.
If the goal is the development of a nanomedicine, measurements made in the appropriate
aqueous buffer solutions will be critical in designing the nanomaterial, whereas
measurements in plasma/serum address the translatable and feasibility aspects. With the
emergence of new technologies, making reliable and reproducible measurements in any
aqueous buffer solution and under physiological conditions will become possible.

Size Standards

As the complexity of nanomedicines increase with the demands on delivery of novel
active pharmaceutical ingredients (APl) beyond the conventional small molecule drugs,
an increase in the demands for traceably characterizing these nano-delivery systems
exists. This is the final focus of the perspective. There is a general lack of relevant
standards for characterizing nanomedicine products, including physicochemical
endpoints, which could in turn result in failure at the clinical stage (24). As a result, there
isan urgent need to develop new standards or to adapt existing ones to ensure the quality
and safety of emerging nanomedicine products. In this context, we should consider
measurement standards as enabling tools; they provide a commonly accepted point of
reference for measurements and measurement data from product development to
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manufacturing to regulatory oversight. Put simply, the primary role of standards is to
instill confidence in the resulting data or quality system, which in turn helps ensure the
safety and efficacy of the product and its efficient regulatory review.

Consensus documentary standards (e.g., test methods, guides, and specifications issued
by international standards development organizations such as ISO and ASTM
International) and artifact standards (i.e., reference materials — RMs — defined by ISO
Guide 30 (33) as materials sufficiently homogeneous and stable with respect to one or
more specified properties, which have been established to be fit for their intended use in
a measurement process) play related but different roles. Certified RMs (CRMs) are
generally issued by authoritative bodies such as the US National Institute of Standards
and Technology, the European Commission Joint Research Centre and the German
Federal Institute for Material Research and Testing (BAM), among others. Commercial
sources also exist for RMs with varying levels of metrological quality, including CRMs that
meet the ISO requirements. Unfortunately, a searchable compendium of available RMs
for size measurement currently does not exist to our knowledge, though BAM maintains
a partial list of size-based RMs for NPs (34). Note, the BAM database has not been
updated in several years.

From a regulatory perspective, the use of documentary standards reduces the number of
review cycles and accelerates the entry of quality products into the market (35). Similarly,
RMs and CRMs serve to validate methods used in submissions, to assess laboratory
performance and to underpin manufacturing quality control/quality assurance (QC/QA).
From a regulatory viewpoint, if a measurement method is used to quantify size as a CQA,
which is specified for a certain value or range of values, it is necessary to then
demonstrate that the method can reliably measure in that size range. In this context,
analytical method validation is a key component of the regulatory process (36), and RMs
can provide the necessary metrological traceability for that purpose.

Size and size distribution have been identified as CQAs for all nanomaterial-containing
products (5, 32); it is therefore necessary to have standards that support the metrological
traceability of size measurements in the relevant size range and containing relevant
materials and preferably under use conditions. In this context, “fit for use” is both the
driving force and the principal limiting factor for relevant standards needed for
nanomedicine applications. For instance, the importance of size measurements in
complex physiological media, and standards to support those measurements, has been
frequently identified as a high priority for the nanomedicine field (3, 24, 37); however, to
our knowledge, currently no formally validated standards are available for this purpose.
Similarly, most existing RMs suitable for size measurements in the nanometric range are
dispersed in aqueous media, are not stable in physiological media and/or have not been
certified or evaluated in complex media. So, their use for nanomedicine related purposes
must be demonstrated and documented (i.e., validated). Interference from other species
coexisting with the target NP in complex media is a substantial issue for most
measurement methods, as previously discussed in this perspective article. This issue also
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limits the development of standard methods and RMs that are relevant and fit for use
under conditions associated with the actual administration and therapeutic action of
nanomedicines (e.g., intravenous or subcutaneous delivery).

There are a number of published size measurement standards covering a wide variety of
techniques (including some previously mentioned, e.g., DLS). Many of these standards
have been published by ISO Technical Committee 24/Subcommittee 4 (Particle
Characterization), I1SO Technical Committee 229 (Nanotechnologies) and ASTM
Committee E56 (Nanotechnology). Only a few of these standards were developed
specifically for NPs or nano-objects and only one for nanomedicine applications; most are
generally applicable, and there is no direct link to physiological media. More importantly,
the vast majority of these standards are not specific to materials that are relevant to the
most common nanomaterials used in drug products (Figure 1). There is clearly a growing
need for nano-specific size standards and for standard methods that address both
complex media and specific nanomaterials used for therapeutic or diagnostic purposes.
Unfortunately, the consensus standards development process itself is laborious and
subject to a limited common pool of willing experts; as a result, the process is not always
favorable for rapidly emerging technologies like nanomedicine. In place of standards,
several organizations (e.g., NIST (38), US Nanotechnology Characterization Laboratory
(39), EU Nanomedicine Characterization Laboratory (40)) are developing, evaluating and
publishing standard operating procedures, assays and protocols, which provide an
opportunity for dialogue between industry, standards development organizations and
government agencies leading to the advancement of formally recognized and validated
standard methods.

We anticipate that standards development efforts geared towards nanomedicines will
substantially increase as regulatory agencies continue to engage directly with industry
and standards organizations in the nanomedicine sector. The FDA has an active
interagency Nanotechnology Task Force on standards, and the FDA’s Center for Drug
Evaluation and Research (CDER) has recently released draft guidance for industry on their
proposed program for recognition of consensus standards related to pharmaceutical
quality (41). Similarly, the European Medicines Agency (EMA) has released reflection
papers, which emphasize the measurement of particle size for NP containing product
submissions in order to ensure their quality (42, 43). Furthermore, regulations generally
require that “analytical procedures used in testing medical products meet appropriate
standards of accuracy, sensitivity, specificity, and reproducibility and are suitable for their
intended purpose” (FDA 21 CFR Sections 211.165 and 211.194). Analytical procedures
include size measurement, where standard methods and RMs can provide the necessary
validation to meet this requirement. Therefore, an appropriate standard method for size
measurement must still be validated for the intended purpose as part of the submission
process.

The inherent complexity of innovative nanomedicines is itself a complicating factor for
establishing regulatory information requirements, which are increasingly based on
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identification and characterization of CQAs NPs used in medical products are frequently
hybrid in nature, containing multiple chemical components and physical structures.
Unlike traditional molecular drugs, nano-drugs also contain varying degrees of
polydispersity in size, shape and composition, and this can affect their performance and
biodistribution, among other endpoints (44). As mentioned previously, “size” is
universally identified as a CQA for nano-enabled medical products as it relates to
regulatory assessment of quality, safety and bioequivalence for generics. However, the
diversity and complexity of nanometric formulations is a challenge for establishment of
standardized methods and relevant RMs for size measurement.

Standards will also need to address limits of applicability (fit for purpose), QC analysis and
reporting of data. For instance, FDA has observed that DLS size measurements have been
used in nearly 50% of all nano-enabled drug submissions (5). Yet the way in which data
are analyzed and reported is inconsistent at best (i.e., not standardized). Also, the
frequency with which DLS is used outside of acceptable limits is problematic and a
concern from a regulatory perspective. Yet international standards for DLS (e.g., ISO
22412-2017) already exist and provide substantial guidance for sample preparation,
measurement, analysis and reporting. So why is the use of DLS in submissions still a
problem? The answer is two-fold. First, existing DLS standards were not developed with
nanomedicines in mind; they are generic in nature and this leaves room for
interpretation, particularly for guidance standards that do not recommend a specific
course of action. Second, the language of these standards does not specifically address
regulatory needs or requirements (which may differ from R&D needs), again leaving room
for interpretation by users.

RMs present many issues relevant to nanomedicine size measurements. For instance,
their availability is limited, though NP RMs certified for size have existed in one form or
another since at least the early 1990s (e.g., NIST SRM 1963 — 100 nm polystyrene spheres)
(45). Also, the cost and time necessary to produce a CRM is a significant obstacle; the RM
production cycle is material and application dependent, but typically requires 2 to 3 years
to complete once the candidate CRM has been identified and the required methodology
has been metrologically established. On a positive note, production of new RMs can be
greatly facilitated by direct industry/stakeholder involvement in the prioritization,
funding, development and/or certification processes. An example of this type of
“collaboration” is the expedited production of three citrate-stabilized gold NP RMs (RMs
8011, 8012 and 8013) by NIST in cooperation with the US National Cancer Institute in
2007. These RMs have proven to be greatly impactful, with nearly 50 % of units being
purchased by industry, along with their application in the early development and
validation of new methods and instrumentation. Post-production can be complicated by
inherent stability issues that limit shelf-life for many NPs over extended time periods and
the availability of appropriate source materials. Also, nanometric RMs are primarily used
to calibrate or qualify the operational performance of a sizing instrument or method; from
a practical standpoint, they will not likely cover the full range of sizes and nanomaterial
types considered relevant for nanomedicine regulatory validations.
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For these reasons, it is likely that the development of new RMs for nanomedicine size
measurements will continue to lag behind the development of documentary
(methodology) standards. In this case, alternatives to certified RMs must be found,
including commercially available and in-house prepared representative test materials.
Most instrument vendors will provide test materials that are intended to check the
appropriate performance of their sizing instruments; however, these materials generally
do not meet the criteria for certified RMs (e.g., with respect to traceability), and have not
been tested on other measurement platforms or through interlaboratory comparison. A
glaring gap also exists for standards that support the accurate measurement of number-
based size distributions in various media; currently no RMs exist that are certified to
validate NP concentration measurements, a necessity to meet the EU based regulatory
definition of a nanomaterial (46).

SUMMARY AND FUTURE OUTLOOK

Nanomedicine development is rapidly progressing, with more and more NP-based
therapeutic concepts translating from the benchtop of academic laboratories to
preclinical and clinical studies driven by industry. With the establishment of this field, the
requirement for specific quality controls has risen; herein, the focus was set on discussing
the state-of-the-art and addressing challenges for a key CQA, namely particle sizing.

As discussed in the previous sections, the shear diversity and inherent complexity of NPs
require careful selection of the appropriate techniques for particle sizing, as each
technique presents a range of optimal uses and limitations. The employment of
orthogonal measurements is a tenant of good practices and has been encouraged by
regulatory agencies. Applying orthogonal techniques and interpreting what their results
mean — as they might not yield the same value —is an additional challenge for regulators
and industry alike and is a direct consequence of the inherent complexity and diversity of
NPs relevant to nanomedicine.

Additionally, particle sizing assessment, in media that more closely mimic physiological
conditions, is garnering increased attention. As highlighted by the regulatory agencies,
size in complex media is relevant from a transferability prospective, as it provides a more
accurate descriptor of NP behavior in vivo; nevertheless, these measurements are also
more challenging as described above. With the emergence of new technologies, making
reliable and accurate measurements in any aqueous buffer solution and under
physiological conditions is increasingly becoming a real possibility.

Standards are a fundamental aspect of sizing, enabling confidence in the results obtained.
In the case of nanomedicines, existing standards can be applied in some situations, but
validation is necessary to prove they are fit for purpose (beyond instrument operational
verification). Furthermore, standards will increasingly need to address how to rationalize
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dissimilar results obtained from orthogonal sizing techniques applied to the same
nano-enabled product and how to cope with measurements in complex media.

The field of nanomedicine has created novel but challenging opportunities for the
development of techniques and new standards that address size measurement. There are
still gaps in the analytical methodologies and instrumentation development as well as the
definition of requirements to be met for nanomedicines. However, the recent approvals
of nanomedicine drug products, pharmaceutical development interest in NPs from large
pharmaceutical companies, the continued and growing interest in nanomedicine from the
academic community, and the increased interaction between regulatory agencies,
industry, and standards and RM developers, suggest to the authors that the
nanomedicine field is primed for increased standardization efforts and new measurement
technology developments.
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