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The use of nanotechnology in medical products has been demonstrated at laboratory scale, and many
resulting nanomedicines are in the translational phase toward clinical applications, with global market
trends indicating strong growth of the sector in the coming years. The translation of nanomedicines to-
ward the clinic and subsequent commercialization may require the development of new or adaptation of
existing standards to ensure the quality, safety and efficacy of such products. This work addresses some
identified needs, and illustrates the shortcomings of currently used standardized methods when applied
to medical-nanoparticles to assess particle size, drug loading, drug release and in vitro safety. Alterna-
tive physicochemical, and in vitro toxicology methods, with the potential to qualify as future standards
supporting the evaluation of nanomedicine are provided.
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Despite a strong demand for fostering nanomedicine applications, as indicated by several analyses of global market
trends, there is a general lack of specific protocols for their characterization at physicochemical and biological levels,
which in a number of cases might become responsible for the failure in late clinical stage (1. Hence, the rapid
progress in the field of nanomedicines urgently requires the development of new standards or the adaptation of
existing ones in order to assess the quality and safety of this emerging product class [2,3]. This is a prerequisite for
the solid and safe industrial development of nanomedicines, a requirement of the public authorities or agencies
funding R&D in Nanomedicine, in both the USA and Europe.

A detailed understanding of the impact of the physical and/or chemical properties, and their association with
clinical manifestations, is the focus of the biomedical research and pharmaceutical development. However, the
challenge to identify critical physicochemical parameters of nanomedicines is increasing with the design of highly
complex medical nanoparticles (Med-NPs) based on a wide variety of materials and chemicals. Nevertheless, there
is a common consensus by regulators that some physicochemical parameters, including particle size distribution
(PSD), chemical composition, drug loading and drug release kinetics are critical factors for the evaluation of
the quality as well as for /7 vivo efficacy and safety of the nanomedicine formulations (4]. Currently, only a few
standardized methods exist to characterize some of the crucial physicochemical properties and their impact on
biological systems of Med-NPs. Unfortunately, they are often not applicable to the more complex and innovative
nanoformulations. In addition, each product might require new or modified methods for its assessment. Since
robust and validated measurement methods are essential for informed regulatory decisions on the quality and safety
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Figure 1. Importance of particle size and particle size distribution for the quality and safety of medical
nanoparticles. The figure shows the importance of physical characterization of Med-NPs, to assess: (1) the particle size
and shape of the pristine formulation and its stability, (2) the reproducibility of the manufacturing procedure and (3)
the changes of size and shape of Med-NPs in physiological conditions.

Med-NP: Medical nanoparticle.

of Med-NP products, we have investigated the suitability of existing standards in selected case studies. Furthermore,
we will provide some initial insight on robust physicochemical and iz vitro toxicology alternative tests developed in
the frame of the European Nanomedicine Characterization Laboratory (EU-NCL) H2020 project 5] that might
qualify as future standards supporting the European regulators in the evaluation of nanomedicine candidates. The
harmonization of standards, protocols and assays in the approval of new nanomedicine product is clearly a key
priority as concluded at GSRS’16 {g].

The USA Nanotechnology Characterization Laboratory (NCI-NCL) and more recently the EU-NCL are already
contributing to foster the use and deployment of standard operating procedures (SOPs) for Med-NP assessment.
Further support is expected from the new H2020 project ‘Regulatory Science Framework for Nano(bio)material-based
Medical Products and Devices (REFINE) launched in December 2017. In addition, a Community of Research in
Nanomedicine between NNI in the USA (www.nano.gov/) and the European Commission in Europe has been
proposed in September 2017 at the annual meeting of EU-USA Community of Researchers (https://us-eu.org/).
The Community of Research is a flexible framework for EU-USA cooperation which includes regulatory agencies,
scientific bodies and metrology institutes with the aim to work together for anticipating information needs and
monitoring the progress in technological development to guide the harmonization of standards, protocols and
assays for the approval of new nanomedicine products. This Community of Researchers in nanomedicine has
highlighted the harmonization of protocols between scientists, regulators and standardization agencies from both
USA and Europe, as its key priority.

Physicochemical characterization: particle size distribution & stability in biological media
Particle size and size distribution are key factors for the manufacturing quality, as well as the efficacy and safety
of Med-NPs, as shown in Figure 1 [7,8]. Average particle size and PSD are two of the most monitored parameters
during the preclinical characterization of the Med-NDPs, since they are known to impact the body absorption,
biodistribution and excretion of the nanomaterials [9-11].

Dynamic light scattering (DLS) is the most widely used sizing technique (8] and one of the few methods applicable
to the nanoscale range for which International Standards guidelines exist [12-14]. Despite the very common usage in
the nanomedicine field, batch-mode DLS is generally considered a ‘low-resolution’ method [15-17) as it is subject to a
strong dependence of scattering intensity on the particle size. It can be applied as a fast and simple method to check
the integrity of monodispersed samples, determining the tendency of a nanoformulation to undergo significant
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Table 1. Capabilities and limitations of batch mode dynamic light scattering, nanoparticle tracking analysis and field flow

fractionation coupled with online sizing detectors in the analysis of medical nanoparticles’ particle size distribution,
shape, manufacturing quality and stability in physiological conditions.

PSD of the pristine sample Batch mode DLS NTA FFF-MALS-DLS
Only for monodispersed Able to resolve complex PSD [21,22] Able to resolve complex PSD [15,16,23,24]
samples [15-17]

Particle shape No, only the hydrodynamic diameter of No, only the hydrodynamic diameter of Indirect information derived by the shape
an equivalent sphere is an equivalent sphere is R
calculated [15,16] calculated [21,22,25] __8

ratio Ry, 126271

Batch to batch variability Not for heterogeneous samples or for Yes (internal quality control, data not Yes [28] (internal data not shown)
small changes show)

Agglomeration/aggregation Not able to resolve dimers/multimers vs  Able to resolve the formation of Able to resolve dimers/multimers. Able to
pristine particles [16]. Useful as a quick  dimers/multimers [16] discriminate between dimers and larger
check for major agglomeration particles by their shape [16]
phenomena

Stability of Med-NPs in presence of No [20] Yes: ability to measure size and Yes: able to separate the particle

serum proteins aggregation state changes in the population from unbounded proteins, if

presence of serum proteins [25,29] they differ in size [30,31]

DLS: Dynamic light scattering; FFF: Field flow fractionation; MALS: Multi angle light scattering; Med-NP: Medical nanoparticle; NTA: Nanoparticle tracking analysis; PSD: Particle size
distribution.

aggregation or degradation when exposed to conditions of high ionic strength, unsuitable pH or presence of
proteins that may happen in physiological conditions [18]. However, it is not well suited for measuring the accurate
PSD in case of polydispersed samples. DLS is unable to resolve the PSD of multimodal samples in similar size
range [15,17,19], it cannot detect the presence of small aggregates [16] and it is not able to resolve small modifications
of the PSD happening under physiological conditions [20]. A schematic summary of the limitations of batch mode
DLS in the physical characterization of Med-NPs, and the potential of two alternative techniques, nanoparticle
tracking analysis (NTA) and field flow fractionation (FFF) coupled with online sizing detectors (DLS-multi angle
light scattering [MALS]) is described in Table 1.

DLS’s companion technique, NTA, is also becoming one of the standard approaches for the characterization of
particles in suspension. Similar to DLS, it has also been developed into American Society for Testing and Materials
(ASTM) [32] and International Organization for Standardization (ISO) [33] standards, and operates under the basis
of light scattering and Brownian motion like DLS. Unlike DLS, however, the NTA system and its proprietary
software tracks individual particle movements to calculate the diffusion coefficient for each individual particle. As
such it is a high-resolution analysis technique that is able to distinguish small differences between two particles or
populations, either based on diffusion and Brownian motion, or light scattering intensity.

One crucial advantage that NTA has over DLS is that it is not biased toward larger particles or aggregates. The
NTA software is based on the tracking of single particles, whereas typical DLS techniques place a strong bias on
the largest particles present in the sample (34]. This allows for the detection of secondary peaks, which may not be
detectable using other traditional measurements. The counting of individual particles also enables the concentration
of the sample in nanoparticles per milliliter (NPs/ml), to be simultaneously determined as the volume of the field
of view is known.

The recent incorporation of the finite track length adjustment algorithm has advanced the analysis of polydisperse
and multimodal samples by improving size distribution peak isolation and resolution [21,22). Finite track length
adjustment algorithm accounts for the tracking of a particle over a finite number of frames leading to a statistical
error in the average particle diameter [22). Where a polydisperse sample is analyzed using DLS, the Z-average or
cumulants mean will consist of one value only, weighted toward the largest component. In the case of NTA, the
software will be able to resolve the multiple components of the sample as previously shown [21].

However, there are limitations of the technique. While the visualization of particle light scattering is a distinct
advantage for NTA over other techniques, the dynamic range of the camera and the laser setup can introduce the
opportunity for measurement errors and inaccuracies. Under Rayleigh and Mei scattering, shorter wavelengths of
light scatter more strongly than longer wavelength, with a shorter wavelength being required to visualize smaller
NPs. The use of a short wavelength laser in NTA setups, such as the 405 nm laser, can allow for the detection of the
smaller components of a polydisperse sample. However, this can cause the larger particles to become overexposed
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leading to the small particles becoming obscured. The light scattering potential of the particles also plays a role in
accurate concentration measurements, as it does with size determination. Particles with low refractive indices will
inherently result in more uncertain results due to the system’s operation limits.

To overcome the inherent difficulties that are imposed when analyzing a polydisperse sample by DLS or NTA, a
fractionation step can be incorporated prior to measurement. This can be done by using DLS and MALS detectors
coupled online to systems such as the asymmetric flow FFF (AF4) or size exclusion chromatography.

AF4 is a robust method based on the generation of a parabolic flow profile in a narrow ribbon-like channel,
via the application of a liquid cross-flow, without the need of a stationary phase [26,27,35]. This versatile and
gentle fractionation technique was successfully used to sort different types of Med-NPs, including liposomes, lipid
NPs, polymeric NPs, virus like particles, metallic NPs and metal oxides, allowing for the characterization of their
pristine properties, stability and behavior in a biologically relevant environment as recently reviewed by many
authors [27,36,37]. AF4 NP-sorting coupled to online DLS and/or MALS allows to resolve the PSD of very complex
samples and to analyze small changes in particle size, which are both very important aspects for quality control and
regulatory aspects of the approval of the nanomedical products. Interestingly, by AF4-MALS-DLS, it is possible to
directly obtain information about the particle shape (e.g., spherical vs elongated particles) by calculating the shape

R

g

ratio P R, , which is the ratio of the radius of gyration (Rg) determined by MALS and the hydrodynamic radius
measured (Rh) by DLS [27,36].

The NCI-NCL and EU-NCL have developed an SOP to determine NP size distribution by coupling AF4
with on-line size measurement (DLS and/or MALS), obtaining the very powerful combination of AF4-MALS-
DLS. This technique applicable to Med-NPs might be considered as alternative to the DLS alone for regulatory
purposes [30]. This SOP was successfully applied in the EU-NCL consortium to characterize pristine Med-NPs with
the aim to (i) resolve the PSD of complex mixtures, (ii) discriminate between population of particles with different
shapes, (iii) discriminate between larger particles and small aggregates, and (iv) to monitor small changes of PSD
due to instances like batch to batch variability or instability during long-term storage, all cases where batch-mode
DLS fails [15-17]. In addition, EU-NCL has also developed an SOP to study the NP behavior in presence of serum
proteins, which is crucial to understand the biological effects of Med-NPs 7% vitro and in vivo [38].

Doxil® (the first nanomedicine to be approved by US FDA in 1995) is a PEGylated nanoliposome, currently
used to treat ovarian cancer [39]. In terms of PSD, Doxil is a perfect example of a good monodispersed sample: batch
mode DLS, NTA, FFE-MALS-DLS and cryo-transmission electron microscopy (TEM) measurements (Figure 2),
all detect the presence of a single population of spherical particles in the range of 40-90 nm. In such an ideal case,
a batch mode DLS analysis will be sufficient to measure the real PSD of the sample. However, as already shown by
many studies [15-17,20], this is not always true for more heterogeneous samples, which are characterized by multiple
populations with different sizes and/or shapes.

Typical examples of more heterogeneous niosome (nonionic surfactant vesicle) and polymeric NPs were presented
by Ingallina ¢t 4/, (24] and Varenne ez al. (15]. The analysis of the samples with AF4-MALS-DLS and NTA indicates
the presence of a large heterogeneous population of particles of different sizes. In the polymeric formulation, the
FFF-DLS and NTA can resolve the presence of four distinct populations of particles which differs in size, while
according to batch mode DLS, the sample was nicely monodispersed.

lavicoli e# al. demonstrated the potential of AF4-DLS-MALS to study subtle changes in PSD and morphology of
anionic liposomal formulations interacting with positively charged antimicrobial peptides [23]. Using online sizing
detectors, it was possible to detect the formation of an NP—peptide complex with a larger size and a perturbed
morphology in addition to the pristine population of unilamellar vesicles. Thanks to the calculation of the shape
ratio, it was also possible to determine the multilamellar phase of the larger population, induced by the bridging
effect of the positively charged peptide on the negatively charged membrane of the liposomes. Not surprisingly,
batch mode DLS was not able to resolve the presence of two populations in the peptide-NP mixture, and only
detected one larger population shifted to larger sizes.

The examples presented, among many others [17,19], demonstrated that when PSD and morphology of heteroge-
neous samples are studied, batch mode DLS analysis provides somewhat misleading results, while the FFF-MALS-
DLS and the NTA are able to resolve the real PSD of the sample in very complex samples. Thanks to the coupling
of online DLS and MALS detectors, FFF-MALS-DLS can also give information about particle shape (see Table 1).
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Figure 2. Characterization of Dox-NP™ liposomes. (A) Batch DLS, intensity-based size distribution liposomes at 100x dilution in PBS.

Average of ten measurements. (B) NTA analysis at 10,000x dilution in PBS. Average + SEM of 6 x 60 s videos. (C) FFF elugram

(absorbance) peak (green), hydrodynamic diameter by DLS (red) and geometrical diameter by MALS (black). (D) Cryo-TEM images and (E)
corresponding PSD (diameter of an equivalent sphere). Solid line: Fit of the PSD by a Gaussian distribution. All the data clearly indicate a

well-monodispersed sample characterized by one population.

DLS: Dynamic light scattering; FFF: Field flow fractionation; MALS: Multi angle light scattering; NP: Nanoparticle; NTA: Nanoparticle
tracking analysis; PBS: Phosphate-buffered saline; PSD: Particle size distribution; SEM: Standard error of mean; TEM: Transmission electron

microscopy.

When looking at multimodal particle distributions, it is important to understand if the bigger sizes are associated
with larger single particles or with small aggregates. A recent publication by Mehn ez al. [16] showed that the
combination of AF4 and TEM is a useful strategy to uncover dimers and multimers of NPs, where batch mode
DLS completely fails. In this work, the single particles and the dimers were fractionated by AF4, PSD was measured
by DLS and MALS, the different fractions were collected after the AF4 run and at last, visualized by TEM. The

introduction of the online separation prior to the size measurement by DLS and MALS allowed more accurate size

information and the calculation of the gyration/hydrodynamic radius ratio gave a good indication of the shape of

the particles, suggesting the presence of a nonspherical population associated to dimers. The final confirmation of
the presence of dimers came from direct visualization by TEM of the different population collected after the AF4

fractionation.

One of the crucial factors for the successful translation of Med-NPs is the ability to produce multiple reproducible
batches, having the same properties, including the PSD. Batch to batch variability has to be controlled at the early
stages of development of Med-NPs, since significant variation of the PSD between batches can result in different
biological effects, as shown by Schidlich ez al. 28]. Low resolution batch mode DLS is often not suitable for quality
control purposes to detect small changes of size in different batches (unpublished data not shown). AF4-MALS-DLS
allows resolving slight differences in PSD between batches, being a promising alternative technique to be adopted
for quality control in routine [28]. The high-resolution nature of NTA also allows for the analysis of complex samples,

as previously shown, as well as the detection of components that may be present in small concentrations [21,25].

future science group

10.2217/nnm-2017-0338



Perspective

Gioria, Caputo, Urban et al.

The NTA resolved quality and its validated accuracy and reproducibilicy may be another suitable option for quality
control purposes to detect small differences in batch sizes, as shown by Maguire ez al. [21].

Intravenously administered Med-NPs are generally designed to avoid interaction with blood components, usually
by PEGylation, since protein adsorption from blood induces aggregation or destabilization of the formulation,
influences their fate and circulation time and thus, drastically modulates the 77 vitro and in vivo responses. For these
reasons, investigating the interaction of Med-NPs incubated in cell culture media and/or with plasma proteins
should be crucial for the regulatory approval. The protein adsorption on NPs can be studied by the change in NP
size after incubation in the presence of serum proteins. Unfortunately, the protein corona is practically invisible
for imaging methods like TEM, and it might become impossible to properly quantify with batch mode DLS in
biologically relevant medium [20]. Similarly, the analysis of such samples by NTA would also yield questionable data
as the refractive index (RI) of the particles so closely matches that of the solvent, impeding accurate characterization.
In this context, FFF-MALS-DLS can provide accurate size information for polydispersed samples in physiological
media and for protein binding studies by fractionating the free protein and the NPs in the media before sizing the
Med-NPs.

The batch mode DLS analysis and the FFF-MALS-DLS of lipid NPs (40] and of Doxil NPs [39] before and after
incubation with serum proteins performed according to the SOP developed by the EU-NCL are shown in Figure 3.
While no significant differences are detected for the average particle size of lipid NPs when in contact with serum
proteins (Figure 3A & B), batch mode DLS analysis of Doxil NPs after incubation with serum is slightly shifted to
smaller size (Figure 3C). In the latter case, based on a single DLS experiment, it is not possible to determine if the
shift in PSD is caused by a small, real change of the PSD of the NPs, if the results are biased because of viscosity and
multiple light scattering phenomena in the presence of ions and proteins or if the mathematical analysis provides
a distorted solution without resolving the contribution of the signal by serum proteins (smaller size) with that by
the liposome population (larger size).

The comparison of elution profiles registered using the light scattering detector online coupled to the AF4 channel
helps to find the answer. As shown in Figure 3D, in the presence (red) or absence (black) of serum proteins, the
AF4-MALS-DLS elution profile and the PSD of both samples are overlapping, suggesting negligible NP—protein
interactions and a misleading shift detected by batch mode DLS. The stability of the two Med-NPs analyzed is
not surprising due to the PEGylation on their surface. However, not all the Med-NPs are stable in the presence of
serum proteins: for example [31], showed by AF4-MALS, the partial or total disassembly of polymeric micelles after
a few hours of incubation with serum proteins. Necessarily, in formulations like these, stability has a dominant
effect on drug release kinetics, linking the modification of the particle size, for example, particle degradation, to
the analysis of drug release.

AF4-MALS-DLS possess a great potential in the characterization of Med-NDPs, being a powerful and robust
analytical technique that allows overcoming the limitations of the batch mode light scattering sizing techniques.
It allows to resolve the PSD of complex samples and to analyze slight changes in the PSD, often preventing the
misinterpretation of the results resulting from batch mode DLS analysis.

Nevertheless, also AF4 has some disadvantages: the ideal elution conditions for each Med-NPs are different and
method optimization can be very laborious. It is recommended to follow an SOP which includes some critical
quality checks to be aware of the possible sample loss in the channel, and to ensure appropriate analysis of the data
obtained by light scattering [27,30,36,57) Moreover, it is often necessary to compare the results with orthogonal high-
resolution techniques, such as the direct visualization of the Med-NPs by electron microscopy. However, when the
elution method for specific Med-NDs is successfully developed and if a robust SOP is followed, AF4-MALS-DLS
is a promising tool for synthesis optimization, quality control and to monitor the stability of the Med-NPs.

Drug loading/drug release kinetics

Another major regulatory concern is the quantitative determination of free and bound/encapsulated drug, in
addition to the total drug content [41,42]. In fact, it can be generally expected that the NP-bound drug fraction
will show different pharmacokinetic behavior and biodistribution than the free drug fraction. Accordingly, the
fraction of encapsulated active substance fraction is listed among the parameters to be addressed in the submission
of liposomal products in the reflection paper released by the EMA [42). Regarding the applicable analytical methods,
this European directive refers to the European pharmacopeia monographs (and in case of nonavailability, member
state monographs) specific for the individual active substances [43]. In general, both the European regulators and
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Figure 3. Stability of lipid nanoparticles and Dox-NP™ liposomes and lipid nanoparticles in serum. Pristine particles
black and particles incubated with serum in red. (A) PSD and cumulant analysis by batch mode DLS of Lipidots diluted

are represented in
10x in PBS and in

the presence of serum proteins. (B) FFF-MALS analysis of the Lipidots diluted 10x in PBS with and without serum proteins. No major
differences are detected in the analysis in the absence or presence of serum proteins. (C) PSD and cumulant analysis by batch DLS,
intensity-based size distribution liposomes. (D) FFF-MALS elugram and geometric radius (Rg) by MALS. Batch mode DLS of Doxil® NPs
indicates a small shift of the PSD to smaller sizes while according to FFF online DLS, the PSD is not influenced by the presence of serum

proteins.

DLS: Dynamic light scattering; FFF: Field flow fractionation; MALS: Multi angle light scattering; NP: Nanoparticle; PBS: Phosphate-buffered

saline; PSD: Particle size distribution.

FDA request the documentation of rigorous method validation for analytical procedures used in the characterization
of the medicinal products [44,45].

The measurement of the free and bound drug fractions has been addressed by using drug-specific and nonspecific
analytical methods. Determination of the total drug content is usually based on the disruption (by freeze-drying,
surfactant, organic solvent) of the NPs and subsequent quantification of the drug (or active ingredient) by using
HPLC coupled with appropriate detectors (UV-Vis or fluorescence) 46,47). The HPLC method is substance specific:
itis able not only to quantify the active substance, but also to identify it (based on its retention time) and distinguish
from possible impurities. Typically, methods to measure free versus encapsulated drug ratio include a separation
step, ultrafiltration, ultracentrifugation, solid-phase extraction, size exclusion, AF4 and liquid chromatography and
a separate analysis step using substance-specific liquid chromatography methods combined with various detection
techniques (UV-Vis, fluorescence, charge aercosol detector, mass spectroscopy) [46-51]. The limitation of this
methodology is that filtration devices and centrifuge tubes might adsorb the analyte or even the nanoformulated
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Figure 4. lllustration of measurement complexity, invested experimental times and resulting information in case of HPLC and analytical
ultracentrifugation (AUC)-based free versus bound drug analysis.
AUC: Analytical ultracentrifugation.

product depending on size, surface charge and the buffer applied. In addition, dilution before separation might
provoke drug release. Because of these reasons, careful method development and a series of well-designed control
measurements are necessary, resulting in increase of analysis time and complexity (Figure 4).

As an alternative, analytical ultracentrifugation (AUC) has been shown to be a fast and simple method for
determining both the PSD and the free/encapsulated drug ratio [s21. In fact, AUC combines separation, concen-
tration and detection steps into one single measurement improving total analysis times and reducing experiment
complexity (Figure 4).

The detection modes of AUC are not substance specific, though the method has other advantages. Itis a technique
originally developed for biomolecule (protein) mass measurements and kinetic studies [53-55] but it is also capable to
analyze size distributions of NPs of diverse nature — depending on their density — up to the micrometer range (56,571
AUC measurements do not need calibration using size standards, as it is a first-principles-based technique that
calculates particle diameter from the sedimentation coefficient (i.e., speed) of the components in suspension [58,59].
Nowadays, state-of-the-art AUC instruments include both absorbance and/or RI detectors that allow monitoring
the sedimentation of polymer-based NPs or liposomes in aqueous suspensions simultaneously using both optics. The
measured signal change in time is used to calculate sedimentation coefficient (s) distributions by applying various
models, and then s distributions can be (in case of RI optics directly) converted to mass metrics size distributions.
Without known particle densities (which are often the case for complex structure Med-NDs), direct contrasting
of size distributions can still carry information on interbatch variability or drug loading. In typical Med-NPs, the
molecular weight of the active ingredient is about five orders of magnitude lower than the weight of the complete
Med-NPD, therefore the sedimentation of the particles is much faster than the sedimentation of the unbound active
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Figure 5. Analytical ultracentrifugation absorbance data of daunorubicin-loaded liposomes registered at 514 nm
showing sedimentation of nanoparticle-bound drug and the presence of about 12.3% nonsedimenting free drug.
Colors (in electronic version) represent various time points from the beginning (blue) to the end (red) of the
measurement.

compound. For drugs with a well detectable and specific UV-Vis absorption profile, at well-selected centrifugal
force, this difference results in a practically stable time-independent and radius-independent background. A typical
example of AUC absorption-based sedimentation detection is shown in Figure 5 for daunorubicin-loaded liposomes.
The ratio of the residual signal of the unbound drug registered after the sedimentation of larger particles can be
compared with the absorption corresponding to the fast sedimenting component. This allows a fast concentration
ratio estimation for the unbound and Med-NP-bound active ingredient. Additionally, AUC also needs negligible
method development procedure and no calibration compared with HPLC (Figure 4).

Despite the obvious advantages described here, characterization techniques like AUC might still require some
time before becoming widely used, validated and accepted by regulatory bodies. Among the assays recommended
for the analysis of bulk drug materials, substance-specific methods such as HPLC and gas chromatography (GC)
have dominated in the US pharmacopeia for the past 10 years, and the ratio of chromatographic procedures has
also systematically increased in the European pharmacopeia [60]. Still, nonspecific analytical techniques like AUC
might become powerful tools in tackling new characterization challenges linked to the introduction of complex

Med-NPs.

In vitro toxicity

An important aspect when assessing the safety of a nanoformulation is the evaluation of its toxicity. /# vitro methods
are often based on human cells (61,62 and can support the elucidation of the mode of action of adverse effect in
humans, in particular, when combined with advanced methodologies such as omics or new imaging technologies [63-
67]. In addition, in vitro cytotoxicity testing is an integral part for the identification of the hazardous potential of drug
candidates in the early phase of drug development providing initial insights in the toxic potential of a formulation
at low costs and in a short timeframe. For nanomedicine development, in vitro tests are playing a multiple role
providing indication on the toxic potential of the formulation, and in revealing toxic residuals resulting from the
manufacturing process and can give an indication of the stability of the drug delivery system [68]. As such, in vitro
methods are very attractive tools for product developers especially, as said, in the early phase of the development.

Similarly, predictive iz vitro methods are an essential part of the 3Rs (Replacement, Reduction and Refinement)
principle (69]. Thus, the availability of 7z vizro methods that are fit for their application in biomedical research and
in the preclinical assessments of Med-NPs contributes to the 3Rs-EU policy objectives [69-71].

Safety data for medical devices or nanoparticulate materials can be obtained by testing in accordance to guidelines
published by international standards development organizations such as the ISO [72] or the ASTM (73]. A limitation
to the applicability of the standardized i vitro test methods for Med-NP assessment is the possible interference
of the nanomaterial with the test reagents or at the assay readout that can lead to false predictions as reported in
several publications [68,74-80]. Similarly, the recent released ISO/TR10993-22:2017 (E), which provides guidelines
specific for nanomaterials, states that the various assays described in the ISO 10993 series are not always appropriate
in the testing of nanomaterials (81]. The need to overcome current pitfalls in toxicological assessments has also been
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Figure 6. Comparison of cell viability data obtained by lactate dehydrogenase and high content screening. LLC-PK1
and HePG2 have been exposed to Doxil® for 48 h. Results obtained by LDH assay are here compared with the results
from HCS, the latter used to assess cell viability via Hoechst/Pl staining. Data clearly indicate that LDH is not able to
assess Doxil toxicity and to provide a dose-response curve in both the cell lines used. In contrast, results obtained by
HCS indicate that HCS allows for the assessment of toxicity, and the provision of dose-response data. Data are
reported as percentage of cell viability with respect to the untreated cells. Triton 0.1% has been included as positive
control. Three biological replicates have been performed.

HCS: High content screening; LDH: Lactate dehydrogenase; Pl: Propidium iodide.

highlighted in a recent survey organized by the Joint Research Center of the European Commission with the
International Pharmaceutical Regulatory Forum in the frame of the H2020 EU-NCL project [s2].

According to ISO 10993-5:2009 and ASTM E2526-08, lactate dehydrogenase (LDH) release and 3-(4,5-
Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) reduction are standard methods to address the
biological evaluation of medical devices and nanoparticulate materials. Here, we present the limitations of the
LDH assay when applied to assess Doxil iz vitro cytotoxicity on the two cell lines LLCPK1 and HepG2, and also
provide an alternative method.

In Figure 6, data obtained by LDH are confronted with results obtained by high content screening (HCS), which
has been used to assess cell viability via Hoechst/propidium iodide (PI) staining, a noncolorimetric assay. The data
obtained clearly indicated that LDH is not able to provide dose-response curve to assess the toxicity of Doxil in
any of the two cell lines evaluated. In contrast, results obtained by HCS indicate that HCS allows for more correct
toxicity assessment, as well as providing dose-response relations.

Another example of limitation of the current standardized methods for in vitro cytotoxicity assessment when
applied to Med-NDs is reported in Figure 7. By using LDH release assay, the result obtained for LLCPK1 cells
at the highest tested dose of 105 pg/ml is clearly misleading. Morphological characterization by phase contrast
microscopy of LLCPK1 cells exposed to 105 pg/ml of polyvinylpyrrolidone (PVP)-AgNPs shows irregularity in cell
shape, specifically cell shrinkage and extensive cellular detachment, confirming that the data obtained by LDH assay
must be interpreted carefully. Incompatibility of AgNPs with LDH assay has already been reported in literature [83].
When assessing cell viability via Hoechst/PI staining and HCS, no limitations in the response were observed.
Detection of Hoechst/PI staining can be accomplished not only by HCI, but also other methods, including FACS.

The MTT assay is another standardized colorimetric test used to address the biological evaluation of medical
devices in terms of in vitro cytotoxicity according to ISO 10993-5:2009, or for the evaluation of nanoparticulate
materials following the ASTM E2526 — 08 (2013). However, there are also constraints in its applicability when
used to screen Med-NDs, due to the possible interferences of the NPs with the assay component, and in the reading
of the absorbance of the colorimetric assay. Again this has been reported in several publications [84,85] and in the
most recent ISO/TR 10993-22 [s1].
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bromide.

For instance, we have found that when assessing Doxil toxicity by MTT assay in LLCPK-1 cells for 48 h, at
concentrations above 12.5 pg/ml, the dose-response curve shows a strange trend (Figure 8). More specifically, as
the dose increases there is a decrease in metabolic activity, as typically expected, until this critical point is reached.
However, at concentrations above 12.5 pg/ml, it appears that the metabolic activity begins to increase again. To
overcome to the limitations of the colorimetric MTT assay for assessing Med-NDPs’ safety, we propose the use of HCS
to monitor tetramethylrhodamine methyl ester (TMRM) accumulations in mitochondria with intact membrane
potentials [86], to avoid the necessity for colorimetric tests. HCS has also previously been shown to be suitable for
the assessment of NP cytotoxicity and cellular viability [80,87-89].

To advance the development of methods that could be applied for assessing toxicity of Med-NPs, we have
suggested Hoechst and PI staining as an alternative to LDH release assay and Hoechst-TMRM as alternative to MTT.
The detection of the staining can be accomplished through a variety of techniques including immunofluorescence
microscopy, FACS or the HCS platform. Advanced technologies, such as HCS, have the advantage of providing
reliable data in terms of statistics, and in parallel to its applications in assessing basic information on the toxicity
of the Med-NPs, it could also indicate the interaction of the nanomaterial with the various cell compartments and
contribute to the clarification of the mode of action of the drug candidate [63,90,91]. HCS also has the potential to
be used in assessing immuno- and genotoxicity (80).

We are confident that methods that do not include colorimetric detection can overcome identified pitfalls of the
classical standardized methods when applied to toxicity assessment of nanomaterials. The use of noncolorimetric
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assays can foster the identification of suitable i vitro cytotoxicity methods applicable for Med-NPs; methods that
are urgently needed by the regulators to support Med-NPs’ approval for clinical trials or market authorization.

Conclusion & future perspective

This perspective aims to highlight the need to further develop and standardize methods for the accurate charac-
terization and evaluation of nanomedicines, and especially for the next generation of nanomedicines. Our primary
objective was to raise consciousness of the pitfalls of the current methods when applied to determine PSD, drug load-
ing and 7z vitro cytotoxicity of Med-NPs, and second, to stimulate innovation through supporting the development
of new analytical assays or by adapting existing methods, tools and standards.

The regulatory community will benefit from obtaining information on the performance of new or adapted tests,
which could be applied to the current and next generation of nanomedicines as well as to nanosimilars.

Moreover, H2020 projects like EU-NCL and REFINE are established to foster the development and use and
of protocols for the preclinical characterization of Med-NPs. Having reliable methods will be beneficial both for
the preclinical stages of nanomedicine development and for supporting regulators in the assessment of quality and
safety of Med-NPs.

To conclude, accelerating the development of the next generation of nanomedicines is a crucial step:

* To identify critical physicochemical parameters related to nanomaterial interactions with biological systems;

* Harmonization of standards, protocols and assays for Med-NDs;

¢ The development of widely available Med-NP-relevant reference standards for method validation purposes;
The availability of competent multidisciplinary infrastructures (EU-NCL, NCI-NCL) to support Med-NP
developers and regulatory needs.

Executive summary

* Rapid growth of nanomedicine products requires adaptation and development of new analysis toolkits and
methodologies.

* Requirement for harmonization of protocols and methodologies to ensure approval of new nanomedicines.

Physicochemical characterization

* Accurate particle size and distribution data are a priority for researchers and regulators.

* Dynamic light scattering is widely used but has limitations when analyzing polydisperse samples.

* Nanoparticle tracking analysis can analyze polydisperse samples, but characterization can be hindered by the
refractive index of the material.

* Filtration and fractionation of the sample prior to analysis by field flow fractionation can greatly improve the
quality of the results, for example, when analyzing the medical nanoparticles’ interactions with serum proteins.

Drug loading/drug release kinetics

* Knowledge of the quantity of drug loaded in a nanomedicine, and its release profile is critical.

* HPLC is the standard approach, but analytical ultracentrifugation may be better suited due to it combining
separation, concentration and detection steps into one single measurement.

In vitro toxicity

* 1SO and ASTM standards exist for the in vitro assessment of nanoparticle toxicity.

* Commonly used assays include LDH and MTT assays, but these assays have been shown to suffer from
interference from the nanoparticle.

* Fluorescence-based approaches using high content screening can overcome the issue of nanoparticle absorbance
in colorimetric assays.

Conclusion

* Pitfalls exist in the assessment of nanomedicine products and innovation and collaboration required to address
these issues.

* Projects such as EU-NCL and REFINE act to develop and use protocols for preclinical characterization of
nanomedicines to support developers and regulatory needs.
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