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1. Minimum physicochemical characterization requirements for

guality, efficacy and safety evaluation of nanopharmaceuticals

Identification andcharacterizations considered a prerequisite first step reliable evaluation oPage B
quality, efficacy and safety (QE®f nanopharmaceutica(&ubala et al., 2018Physicochemical
characterization of nanopharmaceuticals is based on the evaluation afophgsnical properties
such as chemical identity, molecular weight, composition, purity, colloidal stability and solubility.
Like all nanomaterialfNMs), nanopharmaceuticalre pronanany differentchanges during their
life cycle including dissolution ordegradation, complexationggregation, agglomeration, etc,
which impact all QES parametef®e nanerelated stability and behavior is particulary relevanmt
for pharmacological and toxicological propertiesxahopharmaceuticals

The nanaspecific propertes necessaryfor QES charactezation of NMs were recently
recommeded by the Prosafe Task For¢8teinhduser and Sayre, 2017). These properties
(presented in Table)Ican bedivided into 2 categorieqa) intrinsic properties that are medium
independenand(b) extrinsic particle properties that anedium dependent (Hendren et al., 2015).

Table 1 Main intrinsic and extrinsic properties of nanopharmaceuticals that determine their quality,

efficacy and safety attributes.

Intrinsic properties i medium independent

Extrinsic properties i medium dependent

Primary particle size

Hydrodynamic size distribution

Specific surface area

Effective density

Particle shape

Zeta potential

Density Aggregation
Rigidity Surface functionalization
Hydrophobicity Dissolution

Crystal structure

Biodegradability

Chemical composition and impurities

Dustiness

Photonic properties

Oxidative reactivity

Size distribution is a keparameter oNMs that regulates thecirculation and biodistribution of in

the bloodstream, penetration across the physiological and biological barrieranditeelispecific
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localization and even induction of cellular respor(&esvers et al. 2006lMany NMs properties are
functions of gomic or molecular compositions of the surfaces and the physical surface structures
that respond to the interactions of ti#¥s with surrounding chemical species. From the aspect of
nanomedicine, these characteristics are considered the elements of gudpedies in thePagel4
environment of biological fluidThe mainNMs surface propertiethatare commonly considereas
importantfor QES evaluation of nanopharmaceuticals sueface composition, surface energy,
wettability, surface charge and species absadar adhesion. Surface composition is intrinsically
relevant to the superficial layers but not to the bulk materials. Surface energy is relevant to the
dissolution, to avoid aggregation and accumulation of nanomaterial. Surface charge, with potential
effect on receptor binding and physiological barrier penetration, governs the dispersion stability or
aggregation of nanomaterials and is generally estimated byzepmtential. Depending on the
surface chargeNMs mayattracts a thin layer of ions of opgte charge to the nanosurface. This
double layer of ions travels with theMs as it diffuses throughout the solution. The electric
potential at the boundary ofdldouble layer is known as tlzepotential of the particles and has
values that typically rage from +100 mV to-100 mV. The magnitude of the potential is
predictive of the colloidal stability. Nanoparticles wihpotential values greater than +25 mV or
less than25 mV typically have high degrees of colloidal stabilBpecies absorbance atheesion
potentially alters the surface diMs as well as the conformation and the activity of the attached
species.

The linkagesbetween many of the intrinsiproperties (e.g. band gap) aQES attributes of
nanophramaceuticakse not yet fully elucidatedHowever, many of the intrinsic properties affect

the extrinsic propertieswhich can be better related to QES parametéos examplejntrinsic
properties likepatticle shape size specific surface areand surface chemistrycan all affect
extrinsic poperties likedissolution rateand agglomeration behaviof nanopharmaceuticals (Gao

and Lowry 2018)Higher dissolution rate can releasgredients from the nanosurfatsading to
cellular or tissue response that can be toxic and inthagenerationof reactive oxygen species
Surface chemistry on the other hand can largely impact colloidal stability and agglomeration
behavior of nanopharmaceutical$he polydispersity index (PI) is a kdégctor that indicate
colloidal stability Internation& standads organizations (ISOprovide scientific and technical
references to establish that Pl value under 0.5 shows a good trend of colloidal stability in

suspension for nanoparticles and that Pl values < 0.05 are more common to monodisperse samples,
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while values > 0.7 are common to a broad size (e.g., polydisperse) distribution of particles
accordingly to ISO standards 1SO 22412:2017.

Discussion made by Nano2Clinic COST Action revealéd minimum physicochemical
characterization aianopharmacueticafgeecessarto fully interpretQESdata(Table2). Page b

Table 2. Minimum physicochemicatharacterizatiof nanopharmacgicals (according to
Bouwmeester et al., 2011)

Characteristic | Metric Comments
Dose Mass Particle number concentration is the total numbexanficles per
Particle number unit volume of air (for example c¢i3), whereas particle mass

concentration is the total mass of particles per unit volume ({
example pg rB). Mass concentrations are typically dominate
by larger patrticles.

Surface area Different measurement methods investigate different subme
eg,.BEFsur face, Fuchsd surface
diameter surface

Chemical Chemical composition can be determined, but structural

composition information is difficult to obtain de to complex measurementg
ideally this would be provided by manufacturers,

Purity/impurities Impurities may be as important for health impact as the basi
material

Physical form | Particle size (mean) | Different measurement methods investigditeerent sub
metrics, e.g., mobility diameter vs. visual diameter.
Distributionof sizes needs to be reported.
Morphology/shape | Aspect ratio determines if an object falls within the WHO
definition of a fibre, and is very important for health impact
assesment purposes.

Surface Shell There are no simple methods to assess the chemistry of
properties chemistry/coating nanomaterials surface. Thus, provide at least information on
synthesis method used, and if/what surface treatment or
stabilisatiormethod had been used.

Surface charge/zeta| Zeta potential and pH measurements should be reported for

potential particles in appropriate test media
Stability Particle size Nanomaterials can agglomerate or aggregate.
/behaviour distribution Nanomatels coated (e.g., corona) with biomolecules,

depending on matrik which diameter to assesks?t
depen@nt?on medium

Agglomeratesize Agglomeration status is in equilibrium with the matrix.
andmorphology No commonly agreedn metric exists to definthe
agglomeration status. Also, information about the stability of
agglomerates in different media would often be very useful.
Aggregation is a more fixed status, and should not be mixed
with agglomerates.

Solubility These different types of metrics give information about the
UV -stability persistence of materials in biological media, and environmer
Thermalstability compartments. These factors (UV, heat) may also affect EN

surface properties and agglomeration
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A largenumber ofEU projects are now generating a range of available tools for assessQg e

of NMs and testing them across participating laboratories. Similar efforts are underway in other
parts of the worldIt will be important to work towards integrating these efaxith activities at
international standardization organizations such as ISO, ASTM and, GENh are alreadyPagela
publishing standards for characteriziNgyls and examining their effects. There is scope for these
organizations to work more closely together fmeater harmonization and efficien¢$ao and
Lowry, 2018) Many efforts are focused on international harmonized test guidelines that can be
used to assess human health and environmental safety aspléts.ofheir program focuses on
sharing the testingfdNMs at an international level, and uses common materials, sample preparation
and dosimetry methods. Nevertheless, the test guidelines are general purpose approaches meant fo
a tractable regulatory approach and typically do not address the complex sawipbenments

needed to advance the science.

2. Characterization techniquesfor physicochemical

characterization of nanopharmaceuticals

The need for appropriate physicochemical characterisasfomanopharmaceuticalenderpins
multiple aspects of nanwedicine from innowation and product development viagulabry
requirements to clinical usédowever, there is still lack instandard for characterisationbut
accesmility, capacity and capabilityrepresenta more significant barrier to appropriate
characterisationof nanopharmaceuticalfHalamodaKenzaoui et al., 2019)Understanding of
rapidly changing, multidimensional nanoscale materials relies on the characterization of chemical,
optical, mechanical, thermal, and electrical properties with hegisisvity and resolutionwhich
requiresfast, inexpensive, usérendly, and automated characterization tools and prot¢Baiser

et al. 2004) Ideally, the characterization of onanopharmaceutical should be perfornbgdising
several complementaryechniques, to estimate more than one propertieshatsame time
minimizing effort. Development ofrobust accurate and reproducible methods to measurbiie
properties for the wide range of nam@armaceuticals is a prerequisite step to any successful
development and clinical use of nanopharmaceut{@dsmussen et al., 2019 brief summary of

theavailablecharacterizatiomechniquess provided in Table.
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Essential elements for a souQEESassessmertdf nanopharmaceuticals includg identificationof

the physicochemical propertieslevant for QES and) 2levelopment of reliable methods and robust
protocols to measure these propertigsfortunately,the Organization for Economic Qiperation
and Development (OECD) and its Working Party on ManufadtuNanomaterials (WPMN%ageV
concluded after preliminaryevaluation thata large number of existing experimental protocoid

the OECD technical guidelines (TGdd not apply taNMs (Xiarchos et al. 2020 Therefore an
OECD TG Programmehas been activelynvolved in establishment ohew and improved
characterization methods for the detectsond characterizatioof NMs in complex matricesvith

the contribution of Horizon 2020 funded proje¢i$odenaet al., 2019;Rasmussert al., 2019).
Moreover, implementationof the Safeby-Design concept in the early phase of the innovation
processfor nanopharmaceuticals is not possible withbatmonized, standardized, and reliable
nanocharacterization methotlsat are ablgenerate good quality physicochentidata (Xiarchos
2020)

Table 3. Physicechemicaltechniquego be used for sample analysis and characterization in cancer
nanomedicine.

Techniques Physicochemical| Strengths Limitations Automatization
characteristics
analyzed
Calorimetric techniques
Thermal Phase Small pellets, high Low accuracy for Generally poor,
gravimetric composition of | accuracy and easy to| particles of different multi-cell
analysis (TGA) | samples perform sizes analyzers exist
Isothermal Phase trarisons | Non-destructive. Complicate evaluation o
titration and their Complete basic binding contributions.
calorimetry thermodynamic | thermodynamic Low resolution for slow
(ITC), parameters characterization in a | processes
single experiment
Thermophoresig More powerful than | Similar as electrophores
electrophoresis (see below)
Differential instruments are reproducibility of the
scanning relatively inexpensive| results is essential,
calorimetry and allow easy mai nl y becoh
(DSC) determination of equilibrium

thermal properties

Optical and spectroscopical methods

UV-visible Structure, Nondestructive and | Lesssensitive than Good
absorbance conformation, prompt technique, fluorescent methods
spectroscopy | optical quite sensitive

properties, size,

concentration,

agglomeration
state, hints on

Deliverable D2.1PHYSIGCOHEMICAL CHARACTERIZATION



COST ACTION CA 17140
. NANOZ2CLINIC

L CANCER NANOMEDICINE - FROM THE
BENCH TO THE BEDSIDE

-5
«

NP shape
Circular Structure and Nondestructive and | Non-specificity of Good
dichroism (CD) | conformational | prompt technique residues involved in
change of conformational change
biomolecules Less sensitive than
(e.g.protein and absorption methods
DNA) Weak CD signal for non
Thermal stability chiral chromophores
Challenging for analysis
of molecules containing
multiple chiral
chromophores
Fluorescence | Hydrodynamic | High spatial and Limit in fluorophore Good
spectroscopy | dimension temporal resolution | species
(FS) Binding kinetics | Low sample Limited applications and
consumption inaccuracy dueotlack of
Specificity for appropriate models
fluorescent probes
Method for studying
chemical kinetics,
Fluorescence molecular diffusion,
correlation concentration effect,
spectroscopy and conformation
(FCS) dynamics
Infrared Structure and Fast and inexpensive| Complicated sample Poor
spectroscopy | conformation of | measurement preparation.
(IR) bioconjugate Interference and strong
absorbancef H.0.
Relatively low sensitivity
in nanoscale analysis
Raman Hydrodynamic | Complematary data | Relatively weak single | Poor
scattering (RS) | size and size to IR compared to Rayleigh
distribution No requirement of scattering
(indirect sample preparation | Limited spatial resolutior]
analysis) Potential of detecting| (only to micrometers)
Surface Conformation tissue abnormal_ity Extrgmely small cross
change of Enhanced RS signal | section
enhanced 2 .
proteiri metallic | (SERS) Interference of
Raman (SERS) NP coni .
jugate Increased spatial fluorescence
Structural, resolution (SERS) Irreproducible
chemical and Topological measurement (SERS)
Tip-enhanced | electronic information of
Raman properties nanomaterials (SERS
spectroscopy TERS)
(TERS)
Dynamic light | Hydrodynamic | Non- Insensitive correlation of| Very good
scattering size distribution | destructive/invasive | size fractions with a automation in
(DLS) manner specific composition pre-defined
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Rapid and more Influence of small SOPs
reproducible numbers of large
measurement particles
Measures in any Limit in polydisperse
liquid media, solvent | sample measures
of interest Limited size resolution
Hydrodynamic sizes | Assumption of spherical
accurately determineq shape samples
for monodisperse
samples
Modest cost of
appaatus
Zeta potential | Stability Simultaneous Electroosmotic effect Very good
Referring to measurement of man] Lack of precise and automation in
surface charge | particles (using ELS) | repeatable measuremen| pre-defined
SOPs
Microscopicmethods
Nearfield Size and shape ¢ Simultaneous Long scanning time Poor
scanning optica| nanomaterials | fluorescence and Small specimen area
microscopy spectroscopy analyzed
(NSOM) measurement Incident light intensity
Nanoscaled surface | insufficient to excite
analysis at ambient | weak fluorescent
conditions molecules
Assessment of Difficulty in imaging soft
chemical information | materials
and interactions at | Analysis limited to the
nanoscaled resolutiol nanomaterial surface
Scanning Size and size Direct measurement | Conducting saple or Poor
electron distribution of the size/size coating conductive
microscopy Shape distribution and shapq materials required
(SEM) Aggregation of nanomaterials Dry samples required
Environmental | Dispersion High resolution Sample analysis in nen
SEM (ESEM) (down to sub physiological conditions
nanometer) (except ESEM)
Images of Biased statistics of size
biomolecules in distribution in
natural state provided heterogeneous samples
using ESEM Expensive equipment
Cryogenic method
required for most NP
biocanjugates
Reduced resolution in
ESEM
Transmission | Size and size Direct measurement | Ultrathin samples in Poor
electron distribution of the size/size required
microscopy Shape distribution and shapq Samples in
(TEM) heterogeneity of nanomaterials with| nonphysiological
Aggregation higher spatial condition
Dispersion resolution than SEM | Sample

Several analytical

methods coupled with

damage/alternation

Poor sampling
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TEM for investigation| Expensiveequipment
of electronic structure
and chemical
composition of
nanomaterials
Scanning Size and size Direct measurement | Conductive surface Poor
tunneling distribution High spatial required
microscopy Shape resolution at atomic | Surface electronic
(STM) Structure scale structure and surface
Dispersion topograply unnecessarily
Aggregation having a simple
connection
Atomic force Size and size 3D sample surface | Overestimation of laterall Poor
microscopy distribution mapping dimensions
(AFM) Shape Subnanoscaled Poor sampling and time
Structure topographic resolutiol consuming
Sorption Direct measurement | Analysis in general
Dispersion of samples in dry, limited to the exterior of
Aggregation agueous or ambient | nanomaterials
Surface environment
properties
(modified AFM)
Chromatographidechnigues
Gas Sample High accuracy Only applicable for gas | Very good
chromatography composition High sensitivity samples automation in
(GC) pre-defined
High Only applicable for SOPs
performance (water)soluble samples
liquid
chromatography
(HPLC)
Hydrodynamic Only applicable for
chromatography (water)soluble samples
(HDC)
Electrophoretic methods
Gel Sample Simple method Not applicable for large | Poor
electrophoresis| composition, nanoparticles
(GE) electrophoretic Controls required
mobility of Low sensitivity
biomolecules ang Results strongly depend
nanoparticles on the experimental
conditions
Capillary Quite prompt Not applicable for large | Good
electrophoresis technique nanoparticles
(CE) Costly
Results strongly depend
on the experimental
conditions
Controls required
Magnetic resonance methods
Nuclear Size (indirect Non-destructive/non | Low sensitivity Good
magnetic analysis) invasive method Time consuming
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resonance Structure Little sample Relatively large amount
(NMR) Composition preparation of sample required
Purity Only certain nuclei NMR
Conformational active
change
Electronic (EPR| Structure In-situ determination | Needed a paramagnetic| Good
or ESR); (indirect of interactions, species ancelatively
magnetic analysis) dynamics and high concentrations
resonance Dynamics structural changes
Interactions
Magnetic Mapping the Very useful for Mostly needed a Good
resonance tumor diagnosis and radionuclide or other
imaging (MRI) monitoring tumors toxic probes
Mass spectroscopy
Mass Molecular High accuracy and | Expensive equipment | Fair
spectroscopy | weight precision in Lack of complete
(MS) Composition measurement databases for
Structure High sensitivity to identification of
Surface detection (a very molecular species
properties small amount of Limited application to
(secondary ion | sample required) date in studying
MS) nanomaterial
bioconjugates
Radiochemical methods
Radiochemical | Mapping the Very useful in Needed toxic probes Good
methods using | tumor and the nanomedicine for
positron interactiors with | diagnosis and curing
emission nanodrugs tumors
tomography
(PET)/single
photon
emission
computed
tomography
(SPECT) or
MRI.
X-ray diffraction methods
X-ray Size, shape and | Well-established Limited applications in | Poor
diffraction structure for technique crystalline materials
(XRD) crystalline High spatial Only single
materials resolution at atomic | conformation/binding
scale state of sample accessil
Low intensity compared
to electron diffraction
Smallangle X% | Size/size Non-destructive Relatively low resolution| Poor
ray scattering | distribution method
(SAXS) Shape Simplification of
Strudure sample preparation

Amorphous materials
and sample in solutio
accessible
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Future standardization efforts must address not onliN¥e as produced, but also provide sample
preparation protocols and analytical methods that are relevant to the complex matrices in which
NMs, in particular, nanopharmaceuticals, fate and behavior must be assessed. The wider availability
of reference materialwith complex sizes and shapes and high polydispersity will be need 9612
method development. Round robin or interlaboratory comparisons will be required to validate
protocols across multiple laboratories. Advances in these areas are necessary foratonsafer
appropriate occupational exposure limits and to identify the necessary tests required to develop a
regulatory framework for nanomaterials in various countries. With respect to occupational
exposure, one of the main challenges is the difficultyuse nanomaterial property and lab
toxicology measurements to derive an occupational exposure limit that can be relatedvtwldeal
exposure metrics. This issue frequently discormbatlogically relevant exposure metrics and
current abilities to measutke same metric in the workplace. The latter returns again to the need to
improve capabilities for detection of nanomaterials in complex environments, including workplace

scenarios.

Priority metrics

A Titstebig challenge is to prioritize metrics legison biological doseesponse relations and
secondly, to develop analytical methods for characterizing nanomaterials in biological matrices.
AOne metric is not sufficient to fully describe the nanomaterials.

Alnitially similar well characterized bateb of nanomaterials with varying forms/ shapes are used

in a wide range of effect studies, before deciding which metrics are most important. Subsequently,
this process needs to be systematically repeated with other sets of priority nanomaterials.

AA sysematic analysis of the data will allow an assessment of any relationships between observed

effects and physiecohemical characteristics of nanomaterials.

Standardization: Characterization techniques

AFor most, if not all, characteristics of nanomatsrianalytical methods are available, though not
necessarily validated and standardized. Practically, it is currently not feasible to characterize
nanomaterials fully, because generally individual methods are only able to determine one single
characterist and some of them can be rather expensive. In addition, an agreement in respect to

what constitutes a complete nanomaterials characterization has yet to be reached.
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AThe type of matrix that surrounds the nanomaterial might critically influence therappeaf the
nanomaterial and its interaction with the surrounding matrix. This further complicates the
characterization problem.

AWhere possible at least two analytical approaches (e.g., techniques) are used to determinepaa é_:;évlle:gl
metric of nanomaterial®.g., measuring the same parameter), because available techniques to
measure the same nanomaterial characteristic often produce contrasting results.

AThe techniques used to determine physicemical characteristics and methods used for

(re)dispersion @ clearly stated in the methods sections of published studies.

Standardization: Characterization approaches

ANanomaterials need to be characterized in the matrix as it is presented to the test system (in
vitro/in vivo).

AA pragmatic recommendation is to characterize fully the nanomaterials at production, and
subsequently further explore a very limited set of parameters before use (or exposure), in order to
take into account the different environments/conditions includiiegts of storage and sterilization

on the physicechemical characteristics of nanomaterials.

AThere is currently no standard approach/protocol for sample preparation to control
agglomeration/aggregation and (re) dispersion.

AHarmonization is initiatednd exchange of protocols takes place. The precise methods used to
disperse nanomaterials should be specifically, yet succinctly described within the experimental
section of a publication.

AThe use of dispersing agents as surfactants to facilitatésgersion of nanomaterials might alter

the toxicological effects.

ADetails of these extra dispersion aids should be incorporated within any materials sections
published, and their toxicity tested in parallel with the nanomaterials.

ALabelling of nanomatrials could be a way of facilitating the study of (internal) fate of
nanomaterials in biological tissues. The ultimate fate and effect of the label needs to be known and
it is recommended that no reliance is put on technologies which emplpegisistentnaterials.
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3. Reliability of methods and data for regulatory acceptance of

nanopharmaceuticals

A brief overview on the limitation and reliability of the available tools, methods, and protocols to

characterize nanopharmaceuticals is presented in #g@lao and Lowry, 2018)

Table 4. Reliability and reproducibility of methods for characterization of nanomaterials to be used

in cancer nanomedicine.

Properties | Parameter Limitations and reliability of methods
Intrinsic Particle size spICPMS, DMA, AFM,DLS and NTAI do not distinguish between a
distribution larger particles and an aggregate of smaller particles
DLS1 notreliable for polydisperse samples and +s@herical particles
EM 1T small fraction of materials can be analysed, extensive sample
preparation, sample bias during drying procedure
Specific BET - affected by aggregation and polydispersity, instability of polyme

surface area

coatings during drying procedure, internal porosity neglected

Particle shape

TEMT only 2D picture

SEMT lower resolution than TEM

Problem of sample preparation and drying procedure for albeséd
methods

Crystalline All electron diffraction methods are unable to focus the electron beam
phase single location
XRD - Limited use and sensitivity
SAXST very expensive
TEM 1 complex sample preparation
Hydrophobicity| Adsorption method pr ovi des only #Arel ativ
andor interferences with reagents
wettability Contact angle measuremehteequired smooth surface, artefacts from th
surfaceroughness, false results due to polydispersity of samples
Artefacts from aggregation, final results are dependent on the medium
Particle Interferences, limits of detection, in most cases highly specialized
chemical equipment is required
composition
Density Different results for powders compared to samples in solutions, artefa
due to agglomeration
Rigidity Complex sample handling, preparation method is material dependent
Redox No kinetic information
potential

Extrinsic

Zeta potential

Artefacts due to agglomeration, effects of ionic strength of medium,
artefacts in the interpretation of results for NMs with macromolecular
coatings, no useful information for readross analysis

Solubility

Systermdependent parameter

Agglomeration

Effect of dissolution, reproducibility, challenging due to the requiremer
for well-controlled sample handling

Photoreactivity | Interferences with reagents andéomponents of medium, often no
and oxidative | correlation between acellular andlgkar assays
reactivity
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