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NMs characterization with Additional precision parameters
current routine methods seen by biological medium
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Abstract. The nanotechnology revolution offers many expectations for the improvement
of medicine treatments. At present, nanomedicine (NM) development is hampered by
methodological barriers for a better characterization and a wider understanding of their in
vivo behavior. While regulatory agencies setup guidelines to support NM translation from
bench to bedside, the gap is still hardly overcome by main nanomedicines. One lever for
filling this gap is a better characterization, thus increasing the global knowledge about the
NM itself but also validate the confidence in terms of batch-to-batch reproducibility of such
complex nano-objects. Here, we review the current methodologies routinely used for clinical
release of nanomedicine batches in compliance with official guidelines. We confront them to
the extreme sharpness of biological systems and finally discuss future possible orientations
for a better characterization of NMs, needed to bridge the gap between physicochemical
properties and biological fate.
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Introduction

Since the early age of nanotechnologies, nanomedicines (NMs) are considered as a revolutionary way
to design medicines bringing high potential for the development of treatments for non-curable
diseases and for diseases of severe prognostic (e.g. cancer, infections, cardiovascular diseases,
neurodegenerative deseases). While mainly conceived as drug delivery carriers for targeting purposes
since their early ages, some nanomaterials are now also developped as therapeutic agents on their
own. Among them, reactive oxygen species promoters [1], Xray enhancers [2] or hyperthermia agents
[3] are being developed. As a consequence, an increasing number of emerging small companies as well
as big pharmas are exploring the Nanomedicine’s field for its promises [4-6]. However, the number of
50 marketed NMs (among which the most known AmBisome® (1990), Doxil® (1995), Abraxane® (2005),
Onivyde® (2015)) appears inconsistently low compared with the tremendous research activities in
academics and clinics [7-10]. The gap for the translation of advances made in research laboratories to
the patient is so huge that it earned the title of “Death Valley” [11]. Many challenges have been
identified as bottlenecks for the clinical translation of NMs. Designing efficient nanomedicines requires
a better understanding of their mechanisms of action including the interactions occurring between
NMs and biological systems. In turn, a better knowledge of NMs’ characteristics is needed to complete
this understanding. Another part concerns the production of nanomedicines including the scale-up of
preparation methods and quality controls that are needed to achieve batch to batch consistency
[11,12]. In both cases, the achievement of a relevant characterization of NMs is needed. At present,
it is still a difficult task to fix. One reason is the need to further understand which parameters are
governing their in vivo fate and activity. A second reason is found in the few number of methods that

are operational to achieve a precise and relevant characterization of nanomedicines on a daily basis.

The purpose of the present review paper was to discuss the physicochemical characterization of NMs
considering differences in characteristics that can be detected by biological systems with potential
influence on their in vivo fate, hence interfering with their activity and safety. As the world of
Nanomedicine includes several types of nanotechnologies, this analysis considered nanoparticles (NPs)
with a size significantly larger than that of blood proteins, which vary from few to 15 nm. The analysis
also focused on NMs intended to be administered by the intravenous route, as they represent most of
the systems considered in development of treatments for cancer, severe infections and
neurodegenerative diseases among all nanotechnologies developed as nanomedicines [13,14]. The
first part of the paper analyses the physicochemical parameters that are relevant from biological
systems’ side to discriminate NMs (part I). Then, a review of the present recommended strategies for
NMs characterization in the light of guidelines provided by health agencies was made in part II. The

two next parts discuss properties and methods regarding NMs characterization. Those that are readily
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applicable for quality control analyses were presented in part III. Then, characteristics that may be
interesting to evaluate due to their relevance regarding their influence on biological system responses
were discussed (part IV). Other potentially interesting methods currently in development were also

presented in this part.

Relevant physicochemical characteristics of nanomedicines
detected by biological systems with implication on their in vivo
fate

I.1. The mystery of NMs in vivo fate is driven by their pristine properties

One concern in clinical development of nanomedicines is to be able to warrant their safety and the
reproducibility of their activity from batch to batch. The same consideration applies in the
development of generic nanomaterials (nanosimilars). Here, it is proposed to examine differences in
physicochemical characteristics that biological systems can detect with implication on the in vivo fate

of nanomedicines and potential impacts on their activity and safety.

Obviously, the in vivo fate of NMs introduced in the bloodstream is governed by interactions with
components of the different biological environments and barriers found on their way to the site of
action. Understanding these interactions and controlling NMs’ characteristics that are influencing
them are challenges for the development of safe and efficient NMs [15,16]. So far, most works focused
on the understanding of interactions occurring directly after NMs introduction in the bloodstream.
This is consistent with the fact that events happening at this stage have a tremendous implication on
NMs’ biodistribution [17,18]. This has been understood in the early development of NMs and led to
the definition of two types of NMs with distinct pharmacokinetics (PK). NMs showing a long half-life
(hours) in the bloodstream were classified as “stealth” while “non-stealth” NMs are rapidly cleared
from the bloodstream (within minutes) and accumulate in organs rich in macrophages (liver, spleen)
[19-23]. Recently, efforts were intensified to identify more precisely NMs’ characteristics controlling
these interactions [24-27]. Understanding the linkage between the pristine synthetic properties of the
NMs and their in vivo fate requires a lot of data gathering the behavior of series of NMs with perfectly
known synthetic identity. Such studies have been the subject of only a limited number of works in the
literature. Some of them were mentioned below regarding interactions of NMs with blood proteins
and cells. At the end of this part, two additional examples illustrating the high sensitivity of biological
systems, able to detect subtle changes in structural characteristics of entities they are confronted with
are presented. These examples were taken from Mother Nature as it was not done before in studies

involving NMs.
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I.2. NMs characteristics controlling their interactions with blood proteins

Itis now well established that interactions between nanomedicines and blood proteins are particularly
decisive regarding the behavior of the NM in the body. The in vivo fate as well as the efficacy and safety
of the administered NMs are greatly influenced by their interaction with proteins of surrounding media
[17,18]. The adsorption phenomenon of proteins on NMs forming the so called “protein corona” has
not been cleared up regarding the properties of the NMs. However, it has been shown that the
adsorption of specific proteins could greatly influence the biodistribution of the NM [28-30] or activate
their recognition by innate immunity. Interactions with proteins greatly depends on the NM
characteristics. As it will appear bellow, several measurable characteristics are influencing the way
proteins interact with NM. Yet, recent data suggests that knowing only these characteristics is
insufficient to fully understand how proteins interact with the NM and how nanoparticles are
controlling the selectivity of the interaction or the initiation of biochemical cascades. Today, two
distinct ways have been proposed to improve our general understanding on characteristics of NM that

influence their interaction with proteins.

(i) The identification of the “adsorbome” of proteins forming the protein corona around the NM,
providing a new biological identity supplanting the initial synthetic identity of the nanomaterial [31].
It consists in the identification of the proteins adsorbed onto the NM after contact with plasma. The
throughput and accuracy of such a study has been greatly improved by the development of dedicated
systems of liquid chromatography coupled to mass spectrometry (LC-MS). Among these studies,
several parameters of NMs have been pointed out for their influence on this adsorbome [32-34]. More
precisely, the size [35-39], the shape [40], but even more the surface chemistry and the charge of NMs
influencing the hydrophilicity/hydrophobicity of the nanoparticle surface were found to strongly
impact the protein corona composition [36,38,41-45]. While polyethylene glycol (PEG) chain grafted
on NMs’ surfaces have been widely studied since the middle of the 1990’s [23,46-48], other surface
chemistries are being explored for their stealth properties too (polysaccharides, synthetic surfactants)
[49-51]. Besides, these studies showed that for a given chemical nature, the length, the density as well
as the conformation of macromolecules grafted on the surface were determinant regarding
interactions with proteins [47,52-54], emphasizing the need for a precise characterization of NMs’
surface properties and control of the surface architecture too. It is worth noting that the homogeneity
of such a grafted layer at the surface of the NM might be a paramount criterion regarding the

adsorbome profile.

(i) The assessment of interactions with proteins of biochemical cascades is another way to study

interactions of NMs with blood proteins more directed towards safety [55,56]. Coagulation and
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complement systems are composed of groups of proteins that regulate body’s homeostasis towards
foreign agents. So far, most studies have focused on the interactions between NMs and the
complement cascade, which is directly linked to the immunocompatibility of the considered
nanomaterial. Complement proteins are part of the first barrier of innate immunity encountered by
the nanomaterial in the blood. A premature detection of NMs by this system leads to their
opsonization and capture by macrophages. NMs are then mainly retained in the liver hence biasing all
their biodistribution. It was even recently reported that the protein corona could prevent from
macrophage uptake [57]. Several studies showed that above cited NMs properties influenced the
triggering of this cascade [58-60]. Once again, the surface architecture has been proved to be very
important concerning complement activation with different type of macromolecules composing the
NP shell (PEG [61-65], polysaccharides [66-70]). On the other hand, interactions of NMs with proteins
and cells of the coagulation system are important because they can lead to reactions such as
hemorrhage, or conversely, thrombosis [71]. A review by llinskaia et Dobrovolskaia described some
known interactions between different kind of nanomaterials and the coagulation system [72]. It
emphasized that NMs’ size, charge and surface composition were also involved in interactions with
the coagulation system. Presently, due to the lack of knowledge about the surface molecular
architecture of NMs, we have no idea of the influence of this parameter on the interactions with the
coagulation system, while it appears as clearly impacting complement activation and protein

adsorption pattern of NMs.

1.3. NMs characteristics controlling their interactions with cells

To promote interactions with target cells, ligands can be attached on the nanoparticle surface. In
general, NPs bearing such ligands are more likely to be taken up by cells exhibiting the corresponding
receptors [73-76]. Little is known about the number of requested ligands per nanoparticle to improve
its internalization by the target cells. It is also not clear whether the distribution of ligands and coating
materials influences interactions with cells. It can be reasonably assumed that the internalization
pathway is defined by the type of targeted receptor in this case. Besides, nanoparticles can be
internalized by cells even in the absence of targeting moiety by several mechanisms (e.g. phagocytosis,
clathrin mediated endocytosis, caveolae dependent endocytosis, macropinocytosis) [77-80]. Some
studies showed the importance of surface charge, geometry and even architecture on cellular uptake
of NMs [78,79,81-84]. However, very little is known about how nanoparticle characteristics control cell
internalization phenomenon, which is also directly linked to the type of cell considered. The situation
is even more complex since the above-mentioned protein corona has been identified to also influence
the cellular uptake [52,81,82,85-88]. Today, only punctual observations are available without enough

comparative studies allowing a better understanding of critical parameters driving interactions
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between cells and NMs. The correlation between synthetic parameters of the NM, biological acquired
identity and cellular uptake is not understood although computational models are being established
to connect them [36,89,90]. Once in the cell, the intracellular trafficking defines the fate of NMs and
thus their therapeutic efficacy. This part greatly depends on the uptake mechanism as well as NMs
properties and is still not totally understood neither. Besides, the targeting of NMs to a specific
organelle is not an easy task. It is expected that a design of NMs properties make them able to at least
escape the endosome in order to produce the expected activity [77,78,80]. The way towards this
control is still not cleared today. A last interrogation on current studies about NM-cells interactions
was raised the influence of the dye incorporated in NMs in order to trace them. It was shown that the
nature of the dye itself could impact on cell uptake and that observed results can be due to dye leakage

from the NM [91].

I.4. Concluding remarks in the light of examples taken in biological systems found in

Mother nature

As pointed out above, modifications in the surface architecture of nanoparticles can dramatically affect
the way these nano-objects developed as nanomedicines are seen by the organism after intravenous
injection, with possible influence on their in vivo fate. This is due to the high sensitivity of biological
systems that are capable to distinguish very small structural differences that may occur at a molecular
level. Unfortunately, this degree of precision is not fully considered in NMs’ design today. The
extremely high degree of precision shown by biological systems is further illustrated below through

two examples taken from Mother Nature.

At first, the bacterial capsules of Neisseria meningitidis (N. meningitidis) embody the sensitivity of
biological systems. Among them, the sialic acid capsular polysaccharides expressed by N. meningitidis
serogroups B and C are very similar [92,93]. The complexity of the finding of an efficient vaccine against
N. meningitidis serogroup B comparatively to the serogroup C was explained by the non-
immunogenicity of the B serogroup and its ability to escape the immune system [94]. This form, not
detected by the immune system, is responsible for severe infections while serogroups A and C types
are more easily cleared. This is due to the capsule conformation which has a very strong impact on the
becoming of the bacteria in the host body. The difference lies in the substitution differing from one
carbon on the polysaccharide capsule: while N. meningitidis serogroup C has a poly(alpha 2-9 acid
acetyl neuraminic) capsule composition, the B type capsule is made of poly(alpha 2-8 acid N-acetyl
neuraminic) [93,95] (see Fig. 1A). This small chemical change implies a conformation modification of
the final sialic acid, which modifies negative charges exposure and steric hindrance effects [96,97]. It

has also been proofed that N. meningitidis serogroup B capsule composition was similar to those found
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in an endogen neuronal protein, playing a great role in its non-immunogenicity [98]. This is an example
showing the extreme sensitivity of biological systems, that can be recognized or not depending on the
displacement of substitution of one carbon in the chain, inducing conformational changes in the final
structure. This example easily translates to the NMs field with the importance of the surface
architecture on their in vivo fate, hence the degree of precision required for NMs synthesis and

characterization.

Then, the antigen-antibody interaction is another proof of the sensitivity of biological systems.
Modification of few amino acids in a chain of more than 1300 amino acids allows a dramatic change in
antigen-antibody interaction. Indeed, a sequence of five amino acids is responsible for the specific
interaction between an antigen and an antibody that form an antigen-antibody complex with an
extremely high specificity. Modification of one or several amino acids on the paratope and/or epitope
can reduce the strength of the interaction by three orders of magnitude, thus hampering the formation
of the complex [99]. These interactions are a combination of electrostatic interactions added to a
favorable conformation of the epitope’s chain [100]. While Immunoglobulins G are proteins around 10
nm in size, their action is driven by a couple of amino acids. A study was performed to identify key
residues involved in interactions between platelet receptor glycoprotein Iba (GPlba) and a monoclonal
antibody 6B4, that could be used as an inhibitor of overexpressed interaction of GPlba with Von
Willebrand Factor that can lead to thrombosis [99]. It was shown in the paratope-epitope simulation
of H-bond interaction mapping for protein and monoclonal antibody 6B4 that four amino acids from
the antibody paratope and 2 amino acids from the protein epitope are strongly involved in the affinity
between the two entities (red colors in Fig. 1B). Translating this example to the NM field, this is typically
the complex issue observed in the grafting of targeting moieties on NMs. Most of these moieties are
antibodies, RNA, aptamers or even proteins, grafted in a targeting purpose to be recognized by
receptors on specific cells. However, current coupling methods used with these complex molecules
are not precise enough to choose the exact location of grafting. Moreover, characterization methods
are not sensitive enough to determine in which conformation the grafted moiety stands on the
nanoparticle surface. This is a huge issue encountered today in NMs design and characterization
[24,27]. Thus, it is difficult to assess the efficacy of such targeting strategy and the way to improve it

since it is not possible to achieve a precise characterization yet.

These examples, combined to all the data gathered on the influence of NMs characteristics on their
interactions in vivo after an intravenous administration, highlight the great importance of the required
keenness for NMs characterization. As seen, a modification of NM surface architecture can be at the
root of major changes in terms of biodistribution. Hence, the NM design is a very subtle process which

impacts the becoming of the NM from its entry into the bloodstream to its fate inside cells. The
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sharpness of the elements and processes encountered in vivo requires a very fine control,

characterization and understanding of these initial parameters.

Structural sharpness Biological impact
A Meningococcal capsular polysaccharide

HOML
1.
2 Group C capsule
2. Macrophages
: ! B R . SO\
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Figure 1: Examples of structural sharpness found in Mother Nature and their biological impact.
A: polysaccharide structure of N. Meningitidis capsules of B and C serogroups. The red circle
indicates the difference in the chemical structure between the two polysaccharides. Left part
reproduced from [95] with permission from The American Association of Immunologists, Inc.
Copyright 1981.

B: Identification of amino acids involved in antibody-antigen recognition. When amino-acids
included in the epitopes are masked, denatured or mis-oriented, interactions between
antibody (Ab) and antigen (Ag) are compromised. Left part reproduced from [99] with
permission. Red amino acids represent the key amino acids in the interaction between the
GPIba protein and 6B4 antibody.
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Il. General strategies for nanomedicine characterization and today’s
recommendations of health authorities

II.1. The characterization revolution brought by “nano”-medicines

It is now well established that a lack of proper and rational characterization is one of the main blocking
steps of NMs translation from bench to bedside [26,101,102]. Firstly, the lack of established
characterization at a preclinical stage is one of the bottlenecks for nanomaterials access to the market
[103]. Then, an incomplete characterization of batches during clinical testing reduces the strength of
NMs assessment in clinics. This is acknowledged by the fact that developments of many formulations
are being stopped while it is believed that several of the encountered problems could have been

probably better anticipated with a proper characterization of the NM.

Due to the disrupting complexity of nano formulations, traditional approaches for medicine
regulation cannot be applied without a significant adaptation to the nature of the
pharmaceutical object [104,105]. The emergence of the field of Nanomedicine brings a huge
deal for a renewed regulatory process. Indeed, added to the nano scale, the overexpressed
surface area and the multi-component composition of such technologies makes even more
difficult their characterization and the understanding of their in vivo behavior. To illustrate
this difficulty, Table 1 gives a brief comparison of the major differences between conventional

medicines and nanomedicines including implications on their respective characterization.

Conventional medicine Nanomedicine

Active Pharmaceutical Complex assembly: Self-active NM
Composition . : s L o ’
ingredient (API) + excipients | or APl within the nanocarrier (NC)

Within the NC (biodistribution and

Transport of the APl | Single molecule solubilized . -
release profile modified)

NM dependent or
Biological activity APl dependent .
Nanocarrier + APl dependent

API identity (if associated)

NM properties: Size, charge,

APl identity (chemical
signature by NMR, UV, IR)

morphology, drug loading and
Solubility — Dissolution rate P 8y 8 8

Characterization
) . release
Purity, contaminants free ) .

Purity, contaminants free

Biological activity and safety Not enough to ensure full

warranted biological activity and safety

Table 1: Major differences encountered between conventional drug medicines and
nanomedicines when bridging the translation gap.
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II.2. Towards new guidelines adapted to nanomedicines

A panel of parameters to be assessed and methods have been implemented by the National Institute
of Health - Nanotechnology Characterization Laboratory (NIH-NCL), created in 2004 to reach these
issues related to NM clinical translation. Assay cascades for assessing physicochemical properties as
well as in vitro and in vivo testing procedures were setup to guide companies developing such entities

[105]. Two main categories can be distinguished, namely the non-biological and biological assays:

- The first category of methods aims to characterize intrinsic properties of the nanomedicine through
its physicochemical characteristics (size, charge, composition, morphology, concentration, APl loading,

free of contaminants).

- The second category includes techniques investigating interactions of the nanomedicine with
biological entities encountered in vivo. This involves hematocompatibility tests (hemolysis, cytokine
proliferation), investigation of interferences with biochemical cascades (complement, coagulation), in
vitro cellular or tissue assays and in vivo studies [106]. This part is notably pointed out in the

development of nanosimilars that can have different interactions with blood components [8,107-109].

NCL has now extended to Europe since 2015 with the creation of EU-NCL (European Nanomedicine
Characterization Laboratory) [110]. They give an encouraging way to fix guidelines and unavoidable
parameters to be assessed for every NM before being sent to clinical studies. This process led to the
assessment of new properties related to the nano- character of the new drug. Some recent reviews
discussed about these evolving aspects of NMs regulation and approvals [7,10,106,111,112].
Numerous research projects have also worked on the issues planted by nanomaterial characterization
with considerations on the safety and risk assessment (e.g Prosafe, NanoREG, NanoValid) [113]. They
recently pointed out a need for standardization of methods to assess properties and risks associated

to nanomaterials [114].

A key point that seems to be less advanced is the characterization required for the release of a NM
batch prior to clinical use. Indeed, added to conventional tests for batch release of medicines,
additional tests must be performed over the entire final nano-object. The complexity is greatly
augmented in these systems and batch release cannot be treated the same as for “simple” drugs. As
the research and potentiality offered by these new forms of medicines brings a lot of researchers and
companies working on it, a strong effort of regulatory aspect has to follow this wave for a faster and
safer translation to the clinics. The NCL assay cascade is valuable in a context of evaluation of the
nanomedicine before its launching in clinical trials. However, once the study launched or when the

product is on the market, every single batch cannot be screened for conformity taking into account all

10
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the considered parameters, due to the extreme tediousness of the task, associated to a considerable
cost. Some critical parameters are chosen as markers ensuring the reproducibility of the NM effect
once administered. Methods on this purpose may naturally be picked from the previously mentioned
assay cascades. The most important is to identify a set of key parameters that will be relevant to detect
a possible modification in NM characteristic influencing the in vivo behavior [115-117]. So far, it is
assumed that a case-by-case selection of this set of parameters has to be made due to the huge
diversity of systems encountered in the world of nanomedicines (polymer based, inorganic, lipid,

nanocrystal) [103,118].

I1.3. Health agencies positions

Aware of the current characterization limitations, European and American regulatory agencies
(European Medicine agency (EMA) and Food and Drug Administration (FDA) respectively) opened

reflections about future development needed.

EMA points out the matter of batch-to-batch consistency in its reflection papers about different kinds
of nanomaterials. Notably, reflection papers related to block copolymer medicinal products [119],
liposomes for intravenous delivery [120] and iron based nanocolloids [121] recommended to identify
critical quality attributes that will have an impact on the behavior of the NM in vivo (PK, PD, safety,
efficacy). Most of the parameters cited there are not directly focused on the “nano” character of the
NM. Namely, control of the raw material (lipids, copolymers, carbohydrates) for purity, composition,
stability before their use in a complex system, manufacturing process (reconstitution procedure,
sterility), stability over time, or again parameters related to the mode of administration (eg. osmolality,
degradation rate and location, drug release rate and location) are mentioned to be controlled.
Considering the characterization of the full nanomaterial by itself, quality parameters proposed are all
linked to its physicochemical properties. These parameters are typically size, size distribution, surface
charge, morphology, drug loading and release profile, and in vitro stability. EMA warn about the
necessity to develop methods that guarantee a better reproducibility for batch release. In a
communication about quality in 2014, EMA still stressed the need for more specific guidance on the
quality of nanomedicines, the identification of critical parameters and the implementation of new

characterization methods [122].

On the FDA side, the nanotechnology task force published in 2007 raised a scientific issue about the
understanding of nanomedicine interactions with biological systems [118,123]. It has also been
claimed that a need for new methods is urgent. Common parameters for quality were cited as size
(surface area and size distribution), chemical composition (such as purity and crystallinity), surface

properties (surface reactivity, surface groups, inorganic/organic coatings), solubility, shape and

11
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aggregation state. It was also mentioned that the NCL would be a major actor of the development of
screening tools for nanomedicine characterization. Since 2007, a final guidance was published by FDA,
mainly concerning nanotechnologies in food and cosmetics [124]. To our knowledge, no major update

has been released directly concerning nanomedicines.

International Standard Organization (ISO) and Organization for Economic Co-operation and
Development (OECD) have planted the properties of interest for nanotoxicology. These properties are
similar to those mentioned by medicine agencies, i.e. particle size and size distribution,
aggregation/agglomeration, shape, surface area/porosity, composition, surface chemistry, surface
charge, solubility [125-127]. Meanwhile, Contract Research Organizations (CROs) in charge of quality
control of NMs are focused on physicochemical properties as well, in compliance with current
guidelines. Nevertheless, some biological tests are proposed as optional for NMs bearing targeting

moieties [128].

To sum up, in practice, properties checked for a batch release are fixed by the company developing
the NM in accordance with regulatory experts. A consensus is taken on a case-by-case basis in regard
with current feasibility of such controls in routine. Apart from contaminants (impurities dosage, API
degradation, residual solvents, metal traces) and basic parameters linked to the route of
administration (pH, osmolality, pyrogen-free, endotoxin free, sterility)), only few parameters specific
to the nanomaterial are requested. They are linked to the drug loading/release properties and to the
characterization of several physicochemical properties of the NM consistently with available methods
allowing their determination. For example, some mentioned parameters (e.g. surface properties in
FDA task force [118]) cannot be properly characterized with today’s accessible methods. It is
noteworthy that the efficiency of current criteria used to ensure quality and reproducibility of NMs’ in
vivo fate are under debate [24,129]. It appears clear for actors in the field of pharmaceutical
development that biological studies are not applicable on a routine basis in quality control purpose
[112]. For instance, in vivo animal studies are generally considered unethical to be used in systematic
controls above the fact that they are time consuming, requires specific facilities, highly trained lab-
workers and expensive. Tests performed in cell cultures can be envisaged although they are generally
complex and demanding. In the following parts of this review paper, the determination of
physicochemical parameters characterizing NMs was examined in terms of methodologies and
discussed regarding the degree of precision of biological systems as highlighted earlier.
Physicochemical parameters presently recommended for quality control evaluation of NM were
considered first. The final part discusses other parameters that may be of interest to characterize

pointing out the methodological outcomes.

12
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lll. Recommended physicochemical parameters for NMs
characterization

The list of physicochemical characteristics and recommended for testing the conformity of a NM
includes size, size distribution, morphology, surface charge, surface chemistry, drug loading and
releasing profile, concentration, stability. The concentration and stability are related to the population
of nanomaterials included in the nanomedicine. The stability includes two aspects in the case of NMs.
As for all medicines, they need to show chemical stability over time, but also the stability against
aggregation or agglomeration because NMs act as a population of individual nano-objects. This is
generally done evaluating the size, the size distribution, the morphology, and the surface charge to
verify that these characteristics are preserved over time. Parameters included in the above-mentioned
list define what is called the “synthetic identity” of the nanomaterial and are expected to influence its

in vivo fate [31,130].

For a clinical use, all batches of produced NMs must be submitted to a characterization cascade that
aims to prove batch to batch consistency of their synthetic identity, hence warranting biological
activity and safety. Methods used to achieve these characterizations must be robust, straightforward,
easy to carry out on a systematic basis, affordable and, if possible, automatable. Recently, an ISO
document providing the different measurement techniques validated for nanomaterial
characterization was published [131]. Table 2 gives an overview of methods recommended for the
characterization of physicochemical parameters, based on official guidelines and relevant literature of
the field. This table also highlights ISO standards when existing for the considered methods and notices

the availability of marketed instruments for a routine evaluation of the corresponding parameter.
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Property Method Measurand Advantages Drawbacks
Dynamic Light Scattering Hydrodynamic Not appropriate for multimodal
Easy handling, low cost, rapid : ; ;
(DLS) * diameter dispersions, low resolution, not
adapted to non-spherical NPs
More optimization than DLS,
Particle tracking analysis Hydrodynamic Easy handling, low cost, rapid, resolution limited for very small
(PTA) * £ diameter particle by particle particles, not adapted to non-
spherical NPs
Tunable Resistive Pulse Easy Handling, low cost, rapid, Not adapted to small particles
Raw diameter -
sensing (TRPS) * * particle by particle (<40nm), not adapted to non
Size

[103,105,106,110,130,131,133,135]

spherical NPs

Differential centrifugal

sedimentation (DCS) * #

Hydrodynamic

diameter

Easy handling, separative, high

resolution

Long for low density particles, not

adapted to non-spherical NPs

Field Flow Fractionation
(FFF) coupled to
detector (Multi-angle LS,
DLS)**

Hydrodynamic

diameter

Separative, high resolution,

automatable, shape discriminant

Condition, optimization, calibration
required, biased by large particles,

expertise needed

Electron microscopy
(EM: SEM, TEM, Cryo-
TEM) ** %

Core diameter

Direct visualization, shape

information, high resolution

Labour intensive, low throughput,
dried sample, low density atoms less

sensitive, possible artifacts
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Size distribution

[103,105,106,110,130,131,133,135]

Gives a brief idea of the

Small particles hidden by larger ones,

DLS * Polydispersity index not adapted for multimodal
polydispersity
dispersions
PTA * % Size of populations Particle by particle Size resolution limited
TRPS * t Size of populations Particle by particle Not adapted to small particles
Difficult rotation velocity optimal for
DCS * Size of populations Separative

multimodal samples

FFF coupled to detector
(DLS, MALS) **

Size of populations

Separative, high resolution

Biased by large particles, expertise

needed

Electron microscopy ** ¥

Size of populations

High resolution, particle by

particle, visualization

Low throughput

Morphology

[103,105,106,110,130,131]

Electron microscopy ** ¥

Morphology

Direct visualization,

general shape (sphere, rod,
complex shape), plain or core-

shell

Expertise needed, low throughput,
low density atoms less sensitive,

possible artifacts

X-ray diffraction (SAXS,
WAXS) ** ¢

Structural information

Very sensitive,

supramolecular organization

High expertise needed, not direct

access to shape
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Atomic Force

Microscopy (AFM) **

Topography

High resolution

Expertise needed, lateral resolution

limited, not direct access to shape

Surface charge

[103,105,106,110,130,131]

Electrophoretic light
Scattering (ELS) *

Zeta potential

Easy handling, low cost, rapid

Not appropriate for multimodal
dispersions, highly dependent on
conditions (conductivity, pH, solvent),

apparent value

Zeta Particle tracking

analysis *

Zeta Potential

Easy handling, low cost, rapid,

particle by particle

Resolution limited for very small

particles, apparent value

TRPS *

Zeta Potential

Easy handling, low cost, rapid,

particle by particle

Not adapted to small particles (<40

nm), apparent value

Electroacoustic

spectroscopy *

Zeta Potential

Adapted to concentrated samples

Complex model, non-trivial sample

information required, apparent value

Surface chemistry

[103-105,110,112,130,131,156-160]

X-ray Photoelectron

Spectroscopy (XPS) ** £

Surface composition

Semi quantitative, chemical

analysis

Dried sample, artifacts, outer layer
information (10 nm depth), expertise

needed

Secondary lon Mass
Spectroscopy (SIMS) **
i

Surface composition

3D resolution, surface and inner
component analysis, high

sensitivity

Expertise, dried sample, harsh

conditions may modify NPs

NMR *

Amount of grafted

macromolecule

High sensitivity, automatable

Deuterated medium needed, no

information about the conformation
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Chromatography- Mass

spectrometry *

Amount of grafted

macromolecule

Available, quantitative

No information about disposition,

conformation, homogeneity

UV-vis/ FLuo

Spectroscopy *

Targeting ligand

attachment

Low cost, straightforward,

guantification

No information about ligand

orientation, ligand dependent

Surface Plasmon

Resonance **

Targeting ligand

attachment

High sensitivity

Indirect, lack of robust methods

In vitro evaluation
of Drug

Loading/Release

[103,105,106,110,130,161,162]

Liquid chromatography *

Drug loading

Quantitative, easily automatable,

high sensitivity

Sample preparation optimization
required, NP must be solubilized,

possible interferences

Robust, low elution volumes,

Chromatography (SEC, Low throughput, dilution, induced
Drug release complex system applicable
SPE) * drug release
(plasma)
Long equilibration time, difficult with
Equilibrium conditions, soft
Dialysis * Drug release complex media, dilution, adsorption

method, medium continuity

to the membrane

Ultrafiltration *

Drug release

Small volumes, rapid, no dilution

Membrane clogging by particles,
adsorption to the membrane, harsh

method

Table 2: Main methods used for current NMs physicochemical characterization and applied to elucidate their synthetic identity. Advantages and

drawbacks. *Methods for which affordable instruments and batch measurements are available; ** Methods mostly applied in research

laboratories; ¥ 1ISO Standard note available; T ISO standard note in preparation.
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First and foremost, size is a critical parameter of a nanomaterial for its in vivo fate, notably playing a
role in the EPR (Enhanced Permeability and Retention) effect and modulating interactions with
biological entities [37]. In practice, for size and size distribution measurement, dynamic light scattering
(DLS) is the batch method by excellence due to its accessibility, low cost, easy handling and being
described in an 1SO standard [132]. All mentioned methods accessible via marketed instruments are
accurate to determine size of monomodal dispersions. However, caution should be taken for an
application to the characterization of dispersions with a multimodal size distribution [133-135]. For
the evaluation of size distribution, a better resolution is accessible with methods such as tunable
resistive pulse sensing (TRPS), particle tracking analysis (PTA) or including a separative coupling
(differential centrifugal sedimentation (DCS), field-flow-fractionation - multi-angle light scattering -
DLS (FFF-MALS-DLS)). They are now available for routine analysis and should be more systematically
used to demonstrate the homogeneity of size distribution prior to deal with DLS. It is now
recommended to cross a batch size measurement such as DLS with another technique based on
particle-by-particle measurement (TRPS, PTA) [119-121,135]. Application of these methods is
expending since the recent market introduction of these instruments [137-140] and ISO standards

published yet [141,142].

Electron microscopy (EM) is suggested to be used to reinforce the value of size obtained by other
methods and to obtain additional information on the sample, such as morphology, which is hardly
obtained by any other method today. This method is not used in routine yet, being labor-intensive and
rather unsuitable at a high throughput. However, efforts for its automation are ongoing as
acknowledged by the development of systems for high throughput EM analysis either by automated
sampling [143] or high throughput image analysis [144]. Such improvements for a better efficiency of
EM have already been seen in the field of virus detection [145-147]. The development of a facilitated
access and use of EM is even eagerly awaited since the arrival of diversified nanosystems for which EM
is the only way to evaluate a core size and define the morphology (stars, cubes, hexagons, rods) [148-
150]. Shape and morphology of a nanomaterial influence its blood circulation (margination effect
[151]) and interactions with cells [152,153] compared with spherical counterparts. Although electron
microscopy is the only method that can provide a direct evaluation of the size of nanomedicines, it is
performed on dried samples. This is in contrast with other methods which offer size measurement in
aqueous conditions that are closer systems compared with biological environments. So far, size
measurements were qualified for a measure in a very simple matrix (purified aqueous samples), which
gives information on the pristine nanomaterial. Methods for a pertinent evaluation of NMs size in
biological medium (plasma, interstitial fluids) are under development, they are mentioned in the last

part of this review.
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Then, the surface charge influences the interactions with proteins and cells [154]. This is commonly
evaluated through the evaluation of an apparent zeta potential, generally performed with the same
apparatus as used for size measurement. The duality of commercialized apparatus allows either a
simultaneous measurement of size and charge (TRPS), or a possibility to assess both using different
working modes included in the same instrument (electrophoretic light scattering (ELS)). Zeta potential
is highly dependent on the analysis conditions (dispersion medium, system parameters), that is why
only an apparent zeta potential can be determined if no correction of surface conductivity is applied,
which is mainly the case. It is noteworthy that efforts about standardization of such methods are being

made to ensure a qualified measure with robust protocols [118,155,156].

Surface chemistry and architecture have been shown to be very important to control protein
adsorption in vivo, influencing interactions with cell and even biocompatibility of the nanocarrier
[119,120]. The control of a reproducible density of grafting is very challenging. As size measurement
cannot ensure this parameter, it is acknowledged that more characterization methods are needed on
this purpose [26,103,106,112,157]. So far, chromatographic methods are used in destructive
conditions to do so [130,158,159]. A method investigating the 3D structure of NMs surface providing
information on its chemical nature is the Secondary lon Mass Spectrometry (SIMS) [159,160]. The
accessibility of such an instrument is nevertheless limited and it does not provide information about
the architecture of the NM surface. When targeting moieties are attached to the surface, a
quantitation of these moieties is required but only indirect methods to check their orientation are

available today [22] and does not allow a clear characterization of their spatial arrangement.

For systems designed as drug carriers, drug loading and release are commonly assessed in vitro
whereas bias still can hamper the true value of encapsulated and released drug amount. As excess
amount of API could become toxic upon release, side effects could be observed. The phenomenon of
burst release can also influence patient tolerability as well as efficacy. These parameters can be
evaluated by quantitative dosage of the API. The problematic step is to achieve a proper separation
between free and entrapped drug in physiological media. This is mainly done via chromatography
techniques (SEC, SPE) as well as equilibrium methods (dialysis, ultrafiltration). Drug release can also be

monitored by membrane diffusion methods such as dialysis [161,162].

Data included in table 2 highlights a lack of “ready to use” methodologies for several parameters
(morphology, surface chemistry: grafting density, ligand attachment), thus pointing out a
methodological bottleneck for the achievement of a straightforward full quality control of
nanomedicines. Tremendous efforts are ongoing to fill out this gap [26]. A recent review by Gao et

Lowry detailed the limitations of current methods and highlights the real need to improve robustness
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of nano-characterization [112]. References, standard materials, and standard operating procedures
needed for the validation of methods of characterization are also under development for a common
and more precise characterization. It must be mentioned that the NCL has considerably contributed to
the development of characterization assays for nanomedicines, developing numerous protocols and
becoming a reference laboratory for the characterization of nanomedicines entering clinical

development [105].

Besides, the series of physicochemical parameters that are used to define the synthetic identity of
nanomaterials composing NMs are probably not enough to ensure reproducible and expected results
in biological media [24,116,163]. A recent study by Bertrand et al. [164] even emphasizes the fact that
“the surface makeup of the particles, and not their dimension, is responsible for their removal from
the bloodstream”, highlighting the fact that interactions with blood component are mainly driven by
local surface architecture and accessibility more than the size of the NM, yet the best characterized
parameter. Hence, current assessed parameters depict nanomaterial properties at a relative
“macroscopic level” in comparison with the sensitivity of biological systems. This notion is illustrated
in figure 2 through examples of additional details perceived by biological systems. It is thus highly
probable that “quiet changes” which may appear between batches are not detected during NMs
control and certification whereas having a non-negligible impact for the in vivo behavior, including
their biodistribution and safety. One of the challenges is to develop routine methods that reach
biological systems’ sensitivity and are able to detect the very small changes on NMs that are relevant

for biological systems.

NMs characterization with Additional precision parameters
current routine methods seen by biological medium

Molecular

Molecular
architecture

Tniensity (Meps)

Figure 2: lllustration of the precision gap between current NMs’ parameters determined in
routine characterization versus details perceived by biological systems.
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IV. Acute characterization of nanomedicines for a warranted in vivo
reproducibility

IV.1. Challenges for future characterization of NMs

Current characterization methods of NMs allow the clear detection of modifications in size,
morphology and surface charge of the synthetic identity. However, as mentioned in the first part of
the review, biological systems are also highly sensitive to other NM characteristics. Although the size,
surface composition and surface charge are well known characteristics that have been identified to
influence the biological identity of NM, another important characteristic is the surface coverage that
is still difficult to evaluate [165]. This includes the density of grafting of hydrophilic molecules grafted
on nanoparticle surface, the molecular architecture of the chains and the homogeneity/heterogeneity

of the coverage.

A joint effect of all synthetic parameters of the NM coupled to physiological conditions define the
biological identity which is determinant for the in vivo fate of the NM [25]. Some computational studies
tend to predict the behavior of a NM from its synthetic identity. This is the road to a more rational
design and characterization of NMs for a reproducible action in vivo [166]. However, these correlations
are not clearly established, and it appears risky to only control the currently evaluated physicochemical
parameters to ensure a full in vivo reproducibility of a NM batch [167]. Recently, Lynch et al. stressed
that current models used to predict biological outcomes from pristine parameters are not sufficient
and need to be developed [89]. This pitfall can be further explained by the fact that the level of
precision of current characterization methods applied in routine for NMs are much lower compared
to biological systems sensitivity to detect changes in the synthetic identity of nanomaterials. So, there
is an urgent need for methods assessing new parameters characterizing the synthetic identity of
nanomedicines on a routine basis and at a much higher level of precision than already used methods
[26,103,157]. These new parameters would appear as extensive information about NMs added to
current commonly characterized properties. Moreover, current methods used for NMs
characterization might not be representative of the real NM behavior in clinics. As an example,
methodologies used to follow NMs once in contact with biological elements (e.g. cells, tissue) use
markers that make the NM visible. However, these tracers change the actual identity and properties
of the NM to which they are associated, thus possibly modifying the interaction with biological
elements [89]. Thus, the methods to study the biological identity and activity of NMs have also to be

improved.
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IvV.2. Neo-characterization of NMs introducing new methods or new parameters to

investigate

IV.2.1. Assessing the synthetic identity of NMs

As seen in the previous part, the interaction for antibody-antigen recognition might be dependent on
a series a five amino-acid in a certain conformation. Compared to the current control of the grafting
of targeting antibodies, it is impossible to tell if the orientation is optimal for a possible interaction.
Some methods are developed on this purpose and try to map the accessible conjugates on the NMs.
Among them, one uses 2D fluorescence difference spectroscopy to directly detect the attachment of
ligand molecules to a nanoparticle surface [168]. In the same idea, an epitope mapping has been
established by Dawson and coworkers using immunogold labelling (Fig. 3D) [169,170]. This method

can be used for assessing targeting attachment success as well as orientation of grafted antibodies.

As highlighted earlier, methods for evaluating macromolecular grafting on NPs surface are lacking.
Recently, Green Fluorescent Protein was used as a probe to measure PEG grafting efficacy on silica
NPs. This was proofed to be efficient in elucidating a proper PEG grafting at a molecular level [171].
Also, Immunoelectron microscopy has been proposed to resolve the macromolecular shell around NPs
by electron microscopy, task which is hardly feasible with conventional EM [172]. Although requiring
the use of antibodies directed to the macromolecular shell, this approach could be interesting along
with the improvement of EM high throughput mentioned earlier [143,144]. All these methods tend to
fix the question of the uniformity and distribution of the surface moieties (e.g., PEG, peptides,
aptamers) grafted on the NM surface. The burgeoning of methods comes as a response to a very
important parameter that has been signaled as critical for a progress in NM characterization and

understanding [119, 130].

IV.2.2. Assessing the biological identity of NMs

Finally, another way to test the nanomaterial directly for certain interactions is to directly deal with in
vitro tests applicable routinely. There is a lack of applicable methods at a high throughput allowing a
rapid testing of produced batch that hamper the control of their interactions with biological medias
[117]. For example, the strong impact of protein adsorption on the NM’s fate after intravenous
injection is remarkably overlooked during routine characterization although deeply studied in research
laboratories [173]. One of the main drawbacks is the demanding preparation required when working
with biological elements, added to the high cost associated to bio-reagents (antibodies, plasma,
proteins). An effort is needed in order to design in vitro methods that would reduce these drawbacks

allowing them to be part of the common battery of tests performed on a batch of nanomedicine.
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At first, the determination of the protein corona formed around NPs after contact with plasma proteins
constitute one of the most important tests performed in research to study the biological identity of
NMs that is highly sensitive to the physicochemical identity of the NMs. This study is commonly made
by LC-MS-MS and allows an identification of the protein adsorbed on NMs [35,36,44,45]. As performed
in a relevant biological media, it is one of the most pertinent assays today for mimicking the biological
identity of NMs. For a routine use, this method suffers from a lack of standardization especially
because of the numerous variables of incubation conditions (temperature, dynamic/static, plasma
source) and sample preparation steps (protein desorption, separation) which currently limit a universal
evaluation of the protein corona [174,175]. This method also requires a specific equipment and a heavy
data treatment. Moreover, the interpretation of the mass of data generated by this study is still not
complete as the role of the different proteins found in the corona are not clearly established yet. The
way to interpret the data has also been questioned due to the high averaging of proteins adsorbed
obtained from millions of nanoparticles, rather than a particle-by-particle corona analysis [176]. A
recent study using stochastic optical reconstruction microscopy (STORM) confirmed this heterogeneity
in adsorption pattern between nanoparticles. This super resolution microscopy is presented as a new
tool for protein corona in situ and dynamic study, that could be very relevant for correlation of NMs

interactions with cells for example [177].

Another approach is developed for a rapid screening of NMs interactions with biological systems.
Namely, Kuruvila et al. developed a method called SUSTU (SUrface proteo- mics, Safety, Targeting,
Uptake) [178]. This method allows the study of the protein corona external surface that could be used
to assess the in vivo behavior reproducibility of the NM. This method, while being still demanding
experimentally, is proposed as a tool for NM prototyping in an integrated platform (Fig. 3A). Another
group develops a screening method to study interactions of proteins with different NPs using
fluorophore molecules affine to hydrophobic regions. They monitored the fluorescence in presence of
different NP-Protein couples and could make assumption on adsorption behaviors thanks to the
changes in fluorescence intensity (cf Fig. 3C). Developed in a 96-well format, this method can be

considered as a possible candidate for NP-protein interactions routine screening [179].

To study more precisely the interaction on NMs with proteins and small molecules, Riviere’s group
developed a Biological Surface Adsorption Index (BSAI) in 2010. This model uses small molecules to
probe the NM surface (Fig. 3B) [180]. By modelling the adsorption behavior of these probes, they could
predict the adsorption of small molecules onto different nanomaterials [181]. The amount of adsorbed
probes onto NMs was determined by gas chromatography coupled to mass spectrometry (GC-MS),
allowing a high throughput analysis. The authors have thus defined an index that could be used to

characterize NMs surfaces and predict their adsorption behavior, giving possible correlations of
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biodistribution and membrane interactions. Along with the current difficulties encountered by

predictive models from physicochemical parameters, such methods introducing bio-elements like

proteins might be a solution for an access to new information. They are sensitive to the steric

hindrance found at the nanoparticle surface created by the molecular architecture of the

macromolecules grafted on the nanoparticle surface.
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Figure 3: Candidate methods for a new routine characterization of NMs. A: Principle of the
SUSTU integrated platform. The figure represents the concept of rapid screening of NMs as
proposed by Kuruvilla et al. [178]. It comprises four steps from the NM design, synthesis,
prediction and verification through the SUSTU analysis, evaluating the proteins at the external
surface of the NM. This procedure allows for a prototyping of different system in order to select
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the best NM to be used for further development. B: lllustration of the BSAl index determination.
Tested NMs are exposed to small model molecules. Adsorption of these molecules gives
information about NM surface and possible interactions with biomolecules in vivo. C:
Fluorescence scenarios for NPs adsorption characterization. Depending on the interaction
between protein and NM, the change of fluorescence intensity (If) is monitored with a dye
affine for hydrophobic surfaces. It allows to discriminate behavior of adsorption without
rearrangement of the protein (scenario 1), with rearrangement and exposure of hydrophobic
regions (scenario 2) or no adsorption (scenario 3). D: Epitope mapping for ligand attachment
characterization. TEM images representing the mapping of Transferrin (Tf) coated at the
surface of a NP. Gold labelling antibodies against Tf were used for the mapping by TEM
imaging. mTf: monoclonal antibody directed against an epitope proximate to Tf receptor
binding region. pTf: polyclonal antibody against Tf. ((A) was reproduced from [178] with
permission of the Royal Society of chemistry, (B) was reprinted from [180] and (D) from [169]
with permission from Macmillan Publishers Ltd, copyright (2010), (C) was reproduced from
[179]).

A less sensible but more straightforward way to study the reproducibility of interactions between
plasma proteins and NMs would be the measurement of size change occurring once both are in
contact. EU-NCL proposed a FFF-MALS-DLS method for the batch to batch testing of plasma protein
adsorption onto NMs [110]. Indeed, a reproducible elution profile could be the proof of a controlled
interaction. With this method, the modification of size provided by proteins adsorption is measured.
However, no indication about the composition of the protein corona is provided. Along the same lines,
a recent method using Single Particle Extinction and Scattering (SPES) was developed to follow the NM
size upon incubation in serum [182]. This optical method uses light scattering on a particle-by-particle
analysis to study NMs distribution in presence of biological fluids. This prototype considers two
parameters for size measurements, namely the polarizability and the optical thickness of the NM. This
study about in situ size measurement has also been done using TRPS [139,183]. These methods could
complement current batch size measurements provided by DLS, all providing a biological relevance

added to the pristine NM diameter measured so far.

Finally, complement system activation assays give indications on possible risks of complement
activation related pseudo allergy (CARPA) [184,185]. An in vitro assessment of complement activation
could be required by health authorities prior to batch release. We have recently proposed the
establishment of an indicator of complement C3 activation (C3Aso) for the characterization of NMs’
tendency to activate the complement system [186]. The value of this indicator differs depending on

the nanoparticle’s surface characteristics and is sensitive to the architecture of macromolecules
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grafted on the nanoparticle surface. The method for the determination of this parameter is based on

2D-electrophoresis and was optimized for a high-throughput sample analysis [186].

Conclusion

Facing the current hurdles of translation of NMs, a smarter characterization of nanomaterials is
urgently needed. Regulatory agencies have worked on the gap between conventional drug and
nanomedicines establishing new guidelines, defining properties specific to nanomaterials. These
guidelines for NM batch release focus on the description of intrinsic properties of nanomaterials
composing nanomedicines, whereas it is pointed out that the biological identity formed in vivo is the
one driving the fate of the NM. Even for these key physicochemical parameters that seems to be the
best controlled until now, many improvements are needed to achieve a more precise and robust
investigation. However, the sensitivity found in biological system does not allow for such a “macro-
characterization” of nanomaterials as it is the case now. An effort on method development,
accessibility, automation, relevance and sensitivity is upcoming. This passes by the improvement of
certain current methods, the establishment of new ones, and the introduction of biological
components in routine tests. A better control of NM batches is expected to come from these new
methods and some with biological components may be relevant to detect critical points for in vivo

reproducibility and strengthen the confidence in NMs batches tested in clinical trials.
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Abbreviations

AFM: Atomic force microscopy

API: Active pharmaceutical ingredient

BSAI: Biological Surface Adsorption Index

CARPA: Complement activation related pseudo allergy
CRO: Contract research organization

DCS: Differential centrifugal sedimentation

DLS: Dynamic light scattering

ELS: Electrophoretic light scattering

EM: Electron microscopy

EMA: European medicine agency

EPR: Enhanced permeation and retention

EUNCL: European Nanomedicine Characterization Laboratory
FDA: Food and drug administration

FFF: Field flow fractionation

GC-MS: Gas chromatography - mass spectrometry
ISO: International Standard Organization

LC-MS: Liquid chromatography-mass spectrometry
MALS: Multi-angle light scattering

NC: Nanocarrier

NCL: Nanotechnology Characterization Laboratory
NIH: National Institute of Health

N. meningitidis: Neisseria meningitidis

NM: Nanomedicine

NMR: Nuclear magnetic resonance

NP: Nanoparticle

OECD: Organization for Economic Co-operation and Development
PD: Pharmacodynamics

PEG: Polyethylene glycol

PK: Pharmacokinetics

PTA: Particle tracking analysis

SAXS: Small angle X-ray scattering

SEC: Size exclusion chromatography

SEM: Scanning electron microscopy

SIMS: Secondary ion mass spectrometry

SPE: Solid phase extraction

STORM: Stochastic optical reconstruction microscopy
SUSTU: SUrface proteo- mics, Safety, Targeting, Uptake
TEM: Transmission electron microscopy

TRPS: Tunable resistive pulse sensing

WAXS: Wide angle X-ray scattering
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