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Abstract

Elucidation of physical-chemical characteristics of investigational medicinal products should be established with suitable
methodology. Characterization of nanomedicines and nanocarriers in clinical trials may require the definition of additional
specific properties depending on the nature of the nanostructures or nanomaterials composing the investigational medicinal
product. The availability of regulatory requirements and guidelines is investigated focusing on critical quality attributes for
nanomedicines and nanocarriers, mapping them in a clinical trial setting. Current regulatory challenges and issues are high-
lighted. The increasing complexity of nanostructures, the innovative connotation of applied nanotechnology, and the lack in
capillarity or misalignment of relevant guidelines and terminology may lead to a potential not standardized approach in the
characterization of nanomedicines and nanocarriers in clinical trials and delays in the approval process. Further efforts and a
proactive approach from a regulatory standpoint would be desirable to surf the wave of innovation that impact nanomedicines
and nanocarriers in clinical trials, in order to support clinical drug development capitalizing on technological advances and

still ensuring a strong regulatory framework.
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Introduction

Requirements for a dossier to be submitted to the regulatory
authorities (RAs) for a request of authorization of clinical
trials (CTs) may differ from those required for the submis-
sion of a marketing authorization of a medicinal product.
Information and data needed in the assessment of investiga-
tional medicinal products (IMPs) are mainly focused on the
potential risks, inherent the specific nature of the product,
and take into deep consideration, among others, the status
of the drug development, the phase of the CT (phase I to IV)
and its duration, the characteristics of the population in study
(e.g., pediatric, vulnerable group of patients), the therapeu-
tic area, and the specificity of the diseases, like in case of
rare ones, or their pathology. The specifications set for the
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control of the drug substances used in the CTs, including
the tests and their acceptance criteria foreseen for phase I
or phase II CTs, may be reviewed and strengthened when
the IMP is further tested in phase III CTs. Furthermore,
additional parameters may need to be adjusted according to
the clinical development stage. Detailed data on the IMPs
manufacturing process may not be required unless critical
new processes are implemented such as non-standard steri-
lization ones, which may not be reported in the Pharmaco-
poeia. However, when complex manufacturing processes are
involved and the relationship between quality characteristics
and in vivo performance is not perfectly demonstrated or
even understood, such as with nanomedicines or nanocarri-
ers, the manufacturing process and characterization of IMPs
are critical information that is expected to be provided in
the quality section of the investigational medicinal product
dossier (IMPD) as part of the submission of an application
for a request of a CT authorization [1].

On the other hand, in a marketing authorization, the
expected use of the medicinal product in a wider number of
patients implies that the state of the art of its quality must
be ensured, illustrated in detail, including a consolidated
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and validated manufacturing process. Liposomal, micellar,
and nanoparticulate preparations are considered specialized
pharmaceutical dose forms deriving from non-standard pro-
cesses and therefore requiring production scale validation
data to be provided in the marketing authorization applica-
tion dossier unless otherwise justified [2].

It is acknowledged that it may be challenging to set
requirements able to cover into specific details every pos-
sible nature of a drug product. As an example, in the EU,
general quality guidelines are available [3] and others also
cover specific types of drug products such as IMPs [4], or
multidisciplinary ones [5] including nanomedicines. During
the benefit-risk assessment of CTs, dedicated guidelines for
the evaluation of the quality of IMPs are taken into consid-
eration; however, assessors at the RAs also refer to scientific
guidelines on the quality of human medicinal products. This
may be due to the lack of dedicated guideline intended to
be applicable in a CT setting or due to the need of a more
conservative approach because of the intrinsic character-
istics of the IMP. It is not easy to identify CTs involving
nanomedicines or nanocarriers in the public databases due to
missing dedicated structured data fields in the clinical trial
application (CTA) [6], able to code information on a nano-
medicine, nanocarrier, or nanodevice and related character-
istics. The sponsor of a CT is not prompted to declare if the
IMP is a nanomedicine and to elucidate if the composition
of the IMP includes nanocarriers, if due to the formulation
of the IMP nanostructures or nanomaterials are involved, or
if any nanotechnology is applied. Even now that the Clinical
Trial Regulation (EU) No 536/2014 [7] is fully applicable
in the EEA, the clinical trials information system [8] has no
fields where the sponsor can state if the IMP is impacted
by a nanotechnology. However, in the EMA pre-submission
request form for a marketing authorization application [9], a
checkbox is instead available to indicate if any nanotechnol-
ogy applies. For CTs, the information can be only deduced
by the description fields and by the text entered by sponsors

Fig. 1 Interventional clinical 350
trials including the term “nano”
with a study start date from 300
2010 to 2021. Searching crite-
ria: other terms field, with inter- 250
ventional filter applied. Source:
ClinicalTrials.gov (accessed 03 200
April 2022)

150

100

50 14
16 mmm
7_ .

0 —

in the databases, such as ClinicalTrials.gov [10], during the
submission of a new application. This procedure has been
used to retrieve the number of interventional CTs including
the term “nano” and the trend in the number of submissions
(Fig. 1) during the last 10 years.

It is not possible to distinguish how many CTs involve
a nanomedicine rather than a nanodevice, if a nanocar-
rier is concerned, or if a specific nanotechnology is used;
moreover, other databases [11] are even less informative.
However, the growing trend in human drug product sub-
missions to FDA containing nanomaterials [12] is con-
firmed, as also evidenced by the number of nanomedicines
on the market [13, 14]. The increasing impact of nanotech-
nology in the manufacturing processes of nanomedicines
and nanodevices is bringing along an increase in efficacy
and accuracy and at the same time additional regulatory
discussions and concerns on safety to human health and
the environment [15].

Characterization of nanomedicines, their future perspec-
tives, and a better understanding of the correlation between
their physico-chemical properties and their pharmacokinet-
ics need to be and are being widely investigated [16—19].
However, there is limited information on the regulatory
framework and quality assessment associated to the clini-
cal development phase of a nanomedicine or nanocarrier.
Missing full description or not standardized characterization
of nanomedicines tested in CTs may jeopardize the safety
profile or represent weak development data, and may not
considered sufficient to support the marketing authorization
stage. We therefore investigate the current availability of
regulatory requirements and guidelines on nanomedicines
and nanocarriers and focus on potential critical quality
attributes (CQAs), mapping them in a CT setting, where
additional regulatory guidance and alignment across RAs
of different regions is strongly needed so that during drug
development phase, the safety of subjects in CTs is ensured
and an early consistent approach to proper description and
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characterization is envisaged by sponsors limiting inconsist-
encies between early batches and commercial ones.

The need of an improvement of the regulatory protocols
is commonly recognized to be of fundamental importance
to increase the industrial and clinical applications of nano-
medicines. This is evidenced by a large number of papers
addressing this issue in the recent years [20-22], including
the Refine project [23], all attempting to support regulatory
advances in the nanomedicine field.

Regulatory requirements

One of the most important regulatory steps in establishing
the initial safety and efficacy profile of an IMP is the con-
duction of CTs. Such studies, carried out in humans, pro-
vide an opportunity to assess, for the first time, advances
in pharmaceutical nanotechnology and the latest scientific
innovations and advances in health care and prevention. Dur-
ing this crucial process, the quality of IMPs is assessed to
confirm the physical-chemical characterization, the critical
quality parameters, and function impacting the drug product
performance and safety.

The characteristics of nanotechnology-based products are
challenging for regulatory approval processes and there are
still many open questions in the regulation of nanomedi-
cines and nanomaterials, starting from their assessment in
a CT setting. Examples are related to not standard pharma-
cokinetics, environmental and accumulation issues, geno-
toxicity, representativeness of in vitro nanotoxicology tests,
increased permeation, stability and manufacturing scale-up,
nanomorphology and characterization, non-standardized ter-
minology, and regulations [24]. In addition, limited dedi-
cated guidelines are available to support quality, safety, and
efficacy assessment of nanomedicines or nanocarriers in the
specific context of CTs.

A list of most relevant guidelines available to support
medicinal product developers and CT sponsors in the prepa-
ration of the quality documentation presented in a request
for authorization of CTs is reported in Fig. 2; the required
information should be included in the chemistry manufac-
ture and control (CMC) part of the IMPD for the evaluation
of nanomedicines and nanocarriers. Looking at the incre-
mental number of guidelines issued in the last 10 years, it
is evident the attention and efforts that regulators dedicated
to nanotechnology and its application to the pharmaceuti-
cal sector, even if it is also noted that RAs adopted differ-
ent approaches and reacted with different timing. The trend
in guidelines production reflects the impulse in sponsors’
submissions of CT applications containing nanotechnology-
based products and highlights how the regulatory environ-
ment reacted to innovation when it has already reached the
clinical trial stage.

European Union (EU)

Since 2012, the European Commission (EC) proposed in
Europe a case-by-case approach to the assessment of nano-
materials [25]; however, in the document, there is no refer-
ence to CTs; a few opinions were also generated through the
EC scientific committees on risk assessment of products of
nanotechnologies and effects of nanosilver compounds [26,
27]. After the elaboration of a reflection paper on nano-
technology-based medicinal products for human use [28],
EMA had a very productive period (2012-2016) in terms
of reflection papers elaboration, on intravenous micellar
systems [29], block copolymer micelle [30], intravenous
liposomal products [31], coated nanomedicine products
[32], and intravenous iron-based nano-colloidal products
[33], followed by a break during the last 5 years. No gen-
eral guideline on nanomedicines was ever developed, or a
discussion launched on the need of a dedicated one in a CT
context, which represents the front line where nanotechnol-
ogy innovations applied to IMPs are facing for the first time
a regulatory assessment process. The evaluation of innova-
tion has been mandated to the innovation task force (ITF)
in 2014 [34], and there are no signals that EMA intends
to develop any further detailed guidelines or to review its
own approach. Nevertheless, it is acknowledged that dedi-
cated guidelines for CTs were developed and recently also
updated, such as the guidelines on the requirements for the
chemical and pharmaceutical or biological quality documen-
tation concerning IMPs in CTs [35, 36]. The guideline for the
chemical and pharmaceutical quality introduced in its scope,
during one of the last updates, synthetic oligonucleotides,
but the update did not incorporate any specific guidance on
nanomedicines or nanocarriers, which are not cited. Even if
huge efforts and progresses have been done, the regulatory
framework for nanomedicines and nanocarriers in the EU
remains fragmented and stratified [37] and would benefit
from a harmonization process, including dedicated guide-
lines for early stages development and assessment in CTs.

USA

After the elaboration of a guidance to set the content and
format of investigational new drug applications for phase I
studies, the FDA elaborated in the first decade of the century
also a guidance for industry to support with the use of cur-
rent good manufacturing practice, for phase I investigational
drugs [38, 39], and to support with the chemistry, manu-
facturing, and control information that would be submitted
for phase II and phase III studies [40]. However, no refer-
ence to nanotechnology can be found in these documents.
The increasing attention to nanotechnology products led to
the publication in 2014 of an important guidance to discern
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Fig.2 Relevant guidelines on quality documentation and regulatory requirements for clinical trials, nanomedicines, and nanocarriers

whether an FDA-regulated product involves the application
of nanotechnology [41] even if CTs were not specifically
covered. There is no dedicated regulatory framework on
nanomedicines, and the FDA assessment follows a product
specific path, relying on consultation with sponsors to iden-
tify potential regulatory issues and on the assumption that
the available requirements are sufficient to determine any
potential toxicity profile. Consistent with other agencies,
also, FDA privileges a case-by-case approach to the assess-
ment of nanotechnology. However, it must be recognized
that FDA reacted to the emerging application of nanotech-
nology with the publication of a fundamental guidance on
drug products, including biological products that contain
nanomaterials [42]. With this guidance, nanomaterial qual-
ity attributes and structural characterization of drug prod-
ucts containing nanomaterials were addressed, including in
the scope eventually also CTs. A proportionate approach
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in the description and characterization of the IMP depend-
ing on the development stage is acknowledged, as far as it
ensures safety during use in clinical trials. This represents a
major step in the attempt to set a general framework for the
identification of CQAs of the drug product, acknowledging
also that the nanomaterial’s CQAs should be determined
with regard to its function and potential impact on product
performance. Recently, also, a guidance on liposome drug
products was published [43].

Japan

There is no evidence that a definition or a specific frame-
work was ever adopted for nanomedicines in Japan that are
regulated under the general framework of the pharmaceuti-
cal affairs law and seems to be evaluated on a case-by-case
basis approach. However, a nanomedicine initiative working
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group is in place for discussions on regulatory requirements
for nanomedicine development. The Pharmaceuticals and
Medical Devices Agency (PMDA) and the Ministry of Heath
Labour and Welfare (MHLW) collaborated in the prepara-
tion of the joint MHLW/EMA reflection paper on the devel-
opment of block copolymer micelle medicinal products [30].
PMDA also assisted MHLW in the preparation of two man-
agement guidance on CT notifications containing the points
to consider in case of some nanotechnology-based medicines
[44]. A reflection paper on nucleic acids (siRNA)-loaded
nanotechnology-based drug products [45] and a guideline
for the development of liposome drug products [46] were
issued in 2016 by MHLW. There is not a dedicated regula-
tory framework for the assessment of nanomedicines and
nanocarriers in CTs.

Canada

Issues with nanomedicines in Canada are acknowledged
since 2010 [47]. Benefit-risk evaluation and approval of
nanomedicines are currently performed within the existing
legislative and regulatory frameworks, there is in fact no
explicit reference to nanomaterial in acts and regulations,
and there is no dedicated guideline for the submission of
nanotechnology products in CTs. However, Health Canada
implemented a working definition of nanomaterials [48].
This is allowing to request specific information to improve
the understanding of nanomaterials and for the assessment
of potential risks and benefits or risk management purposes,
of regulated product or substances, including therefore those
in CT applications that may be or that may contain a nano-
material. The types of information required are the intended
use, function and purpose of the nanomaterial, and infor-
mation regarding any end product in which it will be used;
manufacturing methods; toxicological, eco-toxicological,
metabolism, and environmental fate data that may be both
generic and specific to the nanomaterial if applicable; and
risk assessment and risk management strategies, if con-
sidered or implemented. The characteristics and physico-
chemical properties that can be required on nanomaterials
by Health Canada are available online [49]; however, there
is no structured or dedicated approach for CTs.

India

An innovative and extremely interesting approach is the one
adopted in India with the recent publication of the guidelines
for evaluation of nanopharmaceuticals [50]. A definition of
nanopharmaceutical and nanomaterial is provided (material
having particle size in the range of 1 to 100 nm in at least
one dimension), extending the range up to 1000 nm if the
material exhibits physical, chemical, or biological phenom-
enon or activity, which are attributable to its dimension. An

attempt to categorize nanopharmaceuticals either according
to the degradability and nature of the nanomaterial or the
nanoform of the ingredient is also presented. The guideline
is listing a set of data that should be submitted to the RA in
the submission of an application for a CT. In particular, data
for the physico-chemical characterization of nanopharma-
ceuticals are defined, specifying that some of them need to
be identified as CQAs, and that they should be listed along
with the product specifications. In the specifications, moreo-
ver, apart from criteria for unique identification, identity and
quantification of impurities, and stability data, it is explicitly
required to provide in vitro/in vivo release kinetics of the
drug/active ingredient (as applicable) and in vitro/in vivo
degradation kinetics of the nanopharmaceutical in various
simulated media. The added value with this approach resides
in having a comprehensive list of general regulatory require-
ments for the evaluation of nanopharmaceutics and nanocar-
riers, applicable to CTs. However, and in alignment with
the other RAs, it is recognized that information required
for nanopharmaceuticals should be decided on case-by-case
basis approach.

Difficulties in the translation of nanotechnology health
products into clinical application pass through several
potential challenges such as the understanding of biologi-
cal interaction, manufacturing complexity and costs, safety
issues, and also facing regulatory standards [18], and dedi-
cated efforts should be made in all these sectors. From a
regulatory perspective, scientific challenges and regulatory
needs for nanotechnology-enabled health products are well
known, as discussed by the Joint Research Centre (JRC)
[51]; however, additional guidelines particularly in a CT
setting, where nanotechnology-impacted IMP would be
assessed for the first time, would help in streamlining the
overall process and in anticipating regulatory challenges
that may be expected during the marketing authorization
step. Developing a dedicated guidance for CTs would help
to ensure that sponsors acknowledge the submission of any
nanotechnology-impacted IMP, nanomaterial, or nanostruc-
ture associated with an IMP, such as innovative nanocarri-
ers or supramolecular structures, that may affect the stabil-
ity, the PK/PD properties, the size, the drug encapsulation
efficiency, or the targeting properties, and that may carry
along with innovation also unknown risks. In the case of
non-ionic surfactant-based nanocarriers (e.g., niosomes,
nanoemulsions, micelles), the elucidation of excipients and
surfactant role in the IMP formulation should be explored
and reported, focusing on in vivo stability or safety issues,
and potential toxicity issues could be investigated in ad
hoc designed CTs [52]. Coding in a guideline the mini-
mum set of requirements to control the potential impact
of nanotechnology on the safety profile of nanomedicines
or nanocarriers would help to ensure that a sufficient and
transparent level of data are submitted in a CT application
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and that chemistry manufacturing and control information
meet regulatory requirements starting from an early-stage
clinical development. The final desired scope would be to
support the manufacturing process to achieve a desired qual-
ity drug product focusing on CQAs. Envisaging a risk-based
approach or exploring other regulatory strategies could sup-
port a more proactive and dynamic regulatory framework,

able to support innovation in nanotechnology, and drive
efforts towards a personalized approach to medicine. But it
still would need to ensure that a strong regulatory framework
is in place. The question to address is if the current static
regulatory framework is still able to support the emerging
technology development or if a regulatory conceptual evolu-
tion is needed.

Table 1 The description or definition of nanomaterial or nanomedicine according to different regulatory bodies

Regulatory body Description/definition of the term nanomaterial or nanomedicine
EC Recommended definition

“Nanomaterial” means a natural, incidental, or manufactured material consisting of solid particles that are present, either
on their own or as identifiable constituent particles in aggregates or agglomerates, and where 50% or more of these
particles in the number-based size distribution fulfill at least one of the following conditions:

(a) One or more external dimensions of the particle are in the size range 1-100 nm

(b) The particle has an elongated shape, such as a rod, fiber, or tube, where two external dimensions are smaller than 1
nm and the other dimension is larger than 100 nm

(c) The particle has a plate-like shape, where one external dimension is smaller than 1 nm and the other dimensions are
larger than 100 nm

In the determination of the particle number-based size distribution, particles with at least two orthogonal external
dimensions larger than 100 um need not be considered. However, a material with a specific surface area by volume of
< 6 m%/cm?® shall not be considered a nanomaterial

EMA Definition

The nanometric scale ranges from the atomic level at around 0.2 nm (2 A) up to around 100 nm

Nanomedicine is defined as the application of nanotechnology in view of making a medical diagnosis or treating or
preventing diseases. It exploits the improved and often novel physical, chemical, and biological properties of materials
at nanometric scale

Working definition
e Purposely designed systems for clinical applications
e At least one component at nanoscale size that should not exceed 1000 nm
e Resulting in definable specific properties and characteristics

FDA Description

Materials falling within either point 1 or 2
(1) A material or end product is engineered to have at least one external dimension, or an internal or surface structure, in
the nanoscale range (approximately 1 to 100 nm)

In addition, because materials or end products can also exhibit related properties or phenomena attributable to a
dimension(s) outside the nanoscale range of approximately 1 to 100 nm that are relevant to evaluations of safety,
effectiveness, performance, quality, public health impact, or regulatory status of products:

(2) A material or end product is engineered to exhibit properties or phenomena including physical or chemical properties
or biological effects that are attributable to its dimension(s), even if these dimensions fall outside the nanoscale range,
up to 1 pm (1000 nm)

Health Canada Working definition

It is at or within the nanoscale in at least one external dimension, or has internal or surface structure at the nanoscale

It is smaller or larger than the nanoscale in all dimensions and exhibits one or more nanoscale properties/phenomena

For the purposes of this definition:

The term “nanoscale” means 1 to 100 nm, inclusive

The term “nanoscale properties/phenomena’” means properties which are attributable to size and their effects; these
properties are distinguishable from the chemical or physical properties of individual atoms, individual molecules, and
bulk material

The term “manufactured” includes engineering processes and the control of matter

India Definition

The nanomaterial is generally defined as material having particle size in the range of 1 to 100 nm in at least one
dimension. However, if a material exhibits physical, chemical, or biological phenomenon or activity which is
attributable to its dimension beyond nanoscale range up to 1000 nm, the material should also be considered
nanomaterial. Therefore, any pharmaceutical containing such material should also be considered nanopharmaceutical.

ISO/TS 21623:2017 Definition

Material with any external dimensions in the nanoscale or having internal structure or surface structure in the nanoscale
(length range approximately from 1 to 100 nm)
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Critical quality attributes

A CQA is defined as a physical, chemical, biological, or
microbiological property or characteristic that should be
within an appropriate limit, range, or distribution to ensure
the desired product quality of a drug substance, excipients,
intermediates (in-process materials), and drug product [53].
But how can we expect to define CQAs for nanomedicines
or nanocarriers if there is still no consensus on the definition
of the used terms? There is no standardization in the use
of scientific terminology; many different terms are used as
synonyms such as nanomedicines, nanoparticles, nanodrugs,
or nanopharmaceuticals [54]. Even when the same term is
used, in a regulatory environment, there are still misalign-
ments in the adoption by different regulatory bodies. In
2011, the EC published a recommendation on the definition
of a nanomaterial [55, 56]; however, EMA issued a defini-
tion of nanomedicines [28] and, in relation to quality aspects
of nano-based medicines, adopted a working definition [57,
58]. The EC recently updated the definition of nanomate-
rial in a new recommendation [59] with the aim to support
a coherent EU regulatory framework for nanomaterials and
help to align legislation across all sectors. However, it is still
not aligned with RAs in other regions, as it sets the size lim-
its for the size range to 100 nm in contrast to the FDA guid-
ance. The use of the term nanomaterial in FDA guidance
documents does not represent a regulatory definition, and
neither a definition is available for the term nanotechnol-
ogy, nanoscale, or other related terms; in Canada, a working
definition of nanomaterial is adopted [60]; a definition of
nanomaterial can instead be found for India in the guidelines
for evaluation of nanopharmaceuticals [50]. Even when a
definition is provided, such as in the case of ISO standards
[61], an approximate terminology is adopted when defining
the nanoscale (approximately from 1 to 100 nm). Size limit
adoption in the definitions is arbitrarily used and definitely
not appropriate, at least in a CT setting and for medicinal
products, where physical and chemical properties dependent
on size continue to apply across regulatory imposed defini-
tions [62]. Divergent descriptions or definitions of the term
nanomaterial or nanomedicine are reported in Table 1.

To identify regulatory needs and to enhance any static
communication, sharing best practices and knowhow across
regulatory agencies, a survey was recently conducted to
identify regulatory experience with nanomedicines, infor-
mation needs of regulators for the categorization and char-
acterization of nanomaterials, and further steps that could
support the acceptance of nanotechnology-based products in
health care [63]. It was confirmed that regions have a differ-
ent level of expertise in marketing nanomedicines, and that
sharing experience and collaboration of regulatory bodies
in the assessment of nanotechnology-based products would

be an added value to face the foreseen increasing number
of nanotechnology applications. However, to follow such a
path, the prerequisite is a consistent terminology and cat-
egorization of nanomedicines, supporting communication
and collaboration among regulatory bodies. When a list of
nano-specific characteristics is proposed as relevant for the
approval of CTs, even if not exhaustive, there is clear evi-
dence that there is still not full alignment in the identifica-
tion of crucial characteristics across regulatory bodies; this
is not supporting sponsors in compiling quality data for the
purpose of submitting international CTs in different regions.
The consolidated takeaway message is that there is a strong
need of an accurate characterization of physico-chemical
properties by appropriate analytical methods of toxicity
assessments including in vitro and in vivo testing, and that
crucial to ensure the quality of nanomedicines is to focus
on better understanding CQAs. The availability of a global
list of CQAs and of a dedicated guideline would support the
submission of quality data for nanomedicines and nanocar-
riers in CTs, and potential early access to nanotechnology
health products would be streamlined, as detailed in Fig. 3.

Innovation in nanotechnology is a very fast evolving field,
and regulatory frameworks are not always able to keep up
with the speed of the ultimate nano-construct and potential
application to the health sector, some are even creating new
paradigms such as evolvable platforms for programmable
nanoparticle-based therapies [64]. An evident contradiction
is highlighted when these valuable projects are receiving
public funding, but it is on the other hand clear that the final
outcome could not be potentially supported by an equally
dynamic and receptive regulatory framework. Even if many
efforts have been spent by regulatory bodies so far in the

Fig.3 Regulatory path forward for a CQA consolidation and nano-
technology health products potential early access
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field of nanomedicines and nanocarriers, the combination of
speed of technology evolution and the increasing complexity
of innovation seems to be an obstacle for regulators, unless a
different approach and mindset are adopted by involving all
potential stakeholders in the definition of a fit-for-purpose
regulatory system [65]. Additional approaches are also pro-
posed by stakeholders in the EU, including a centralized
regulatory procedure, the harmonization of requirements to
characterize nanomedicines, a scientific consensus on defi-
nitions, improved education, and a fostering of awareness on
the complexity of nanomedicines [66]. However, regulatory
acknowledge of innovation in the healthcare nanotechnology
setting is definitely possible, as the Covid-19 emergency is
showing, with the bursting introduction of the new technol-
ogy based on lipid nanoparticles for mRNA vaccine delivery
[67, 68]. There is a clear identification by EMA as a regu-
latory science research need, the one to develop an under-
standing of, and regulatory response to, nanotechnology and
new materials in pharmaceuticals anticipated to be used in
the coming 10 years [69]. Even if a fervent activity is noted
across stakeholders as evidenced by the recent results of the
Refine project in terms of future perspectives for advancing
regulatory science of nanotechnology-enabled health prod-
ucts [70], it is still missing a dedicated discussion on the
impact of nanotechnology innovation in the assessment of
CTs. Nevertheless, there is a current activity carried out in
the context of the EU innovation network horizon scanning
with a topic proposal on nanotechnology, where hopefully
this issue may emerge.

To start supporting with such a process, stemming from
the physical and chemical characterization of general
nanomaterials-nanomedicines-nanopharmaceuticals and
potential CQAs [71], we report in Table 2 the main critical

parameters required in CTs for general types of nanomedi-
cine as required by different regulatory bodies [42, 49, 50].

There is alignment in terms of most critical parameters:
composition/entrapment efficacy drug loading, size, morphol-
ogy, stability, structure/surface charge/nomenclature/general
properties, and impurities. However, a different level of detail
is provided by regulatory bodies in the requested information.
This should not be read as a missing scrutiny of details in
terms of characterization required by the RAs, as the asses-
sor would require additional information if needed to guar-
antee the safety and positive benefit-risk balance. However,
the approval process may be slowed down and not all required
and updated information may be provided by the sponsor
during the initial submission, particularly for multi-regional
international CTs. Not all regulatory bodies instead are fully
aligned with requests on sterility/apyrogenicity and especially
drug release. Other requirements such as catalytic activity or
GMP process description are also reported.

CQAs are identified also for specific types of nanoma-
terials-nanomedicines-nanopharmaceuticals [29-33, 43,
45, 46], and even if parameters cannot be generalized, they
should be taken into deep consideration as additional input
on data and/or methods that can support or accelerate the
process of identification of adequate characterization for
new or forthcoming nanotechnologies. Among data to be
considered and characteristics to be described also for gen-
eral types of nanomedicines, particularly in terms of addi-
tional stability data and carrier functionality, the following
not exhaustive list of features that are already coded for spe-
cific types of nanomedicines guidelines, such as liposomes
or nucleic acid-loaded nanocarriers, could be in our opinion
expanded in their scope and suggested as supportive also
for general types of nanomedicines, as reported in Table 3.

Table 3 Additional proposed parameters to be considered for nanomedicine characterization

Critical parameter

Description of additional parameters for consideration

Stability studies in different media and at specific temperature to simulate biological environment

Stability studies taking into account in vivo administration (resistance to nebulization, or lyophilization resistance)

Stability studies in terms of decomposition/degradation of drug loaded inside the nanocarrier in comparison with the free

Morphology Bilayer characteristics, if a bilayer is present
Stability studies over time at different storage temperature
Stability
Interaction and stability studies over time with biological environment (e.g., mucin interaction)
drug
Surface Surface derivatization (PEG-targeting moieties)

Polarity, microviscosity, rigidity and distribution of drug substance within nanocarriers, studies of nanocarriers in

correlation with release capability
Drug release

In vitro drug release experiments in physiologically, clinically relevant media

Selection of appropriate in vitro and in vivo models to assess nanomedicine efficacy

Toxicity
structure at the same concentration

Toxicity evaluation of each nanocarrier’s component in comparison with components organized in the nanocarrier
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Conclusion

There is no evidence of a unique rather than standardized
approach in the development of guidelines and reflection
papers for the evaluation of nanomedicines and nanocarri-
ers, especially when focusing on IMPs in a CT setting. RAs
are reluctant to adopt definitions of related terms such as
nanomaterial, and prefer to rely on descriptions or working
definitions that differ each other. The first step in removing
obstacles through a potential standardization process would
be the mutual recognition of terms used as synonyms in the
same regulatory context. Regulatory bodies have been react-
ing with different timing and approaches to the emerging
innovation of nanotechnology applied to the manufacture
of medicinal products. Even if numerous guidelines have
been recently developed and profound efforts have been
made, it has not been possible to establish a consolidated
and valid global platform to frame, from the point of view
of the characterization in CTs, all the types of known nano-
medicines and nanocarriers but especially those in develop-
ment or yet to be discovered. Even if there is evidence of an
attempt to provide a comprehensive list of requirements for
the characterization of nanomedicines and nanocarriers in
CTs, the common denominator across regulatory bodies is
still a case-by-case basis approach.

Available guidelines are fragmented and not aligned
across different regulatory bodies. Additional efforts in
the definition of the CQAs and the requirements for the
characterization of nanomedicines and nanocarriers should
be pursued and would be of benefit to encode them in the
regulatory framework dedicated to CTs. CQAs should con-
sider physico-chemical but also technological and biological
attributes deriving from the potential transformations and
fate of the product in the human body, including those that
are function of their performance, or deriving from potential
interactions and degradation processes in subjects. However,
there will never be a convergence in CQAs if a semantic
definition of what should be characterized is not achieved
first. The high level of alignment actually available across
regulatory bodies of different countries, in the use of a case-
by-case basis approach during the evaluation process of a
nanomedicine or nanocarrier, reflects the need to deal with
continuous scientific, technological, and academic advances
and increasing knowledge and expertise in manufactur-
ing processes. Regulatory bodies should capitalize on the
experience already acquired to envisage a more global and
structured approach, potentially encompassing a renewed
risk-based methodology or risk proportionate approaches
in clinical trials [72, 73].

Current regulatory challenges and issues are highlighted,
mainly due to the speed and complexity of innovation of
nanotechnology applied to the health sector. The current lack

@ Springer

in capillarity of relevant guidelines, particularly in a CT set-
ting, can lead to a potential missing standardized approach
in the characterization, and therefore not fully addressing
CQAs, or in delays in the CT authorization process. Among
major challenges for regulators in the coming years is the
missing uniformity of regulations and guidelines and stand-
ardization of requirements for the characterization and
control of nanomedicines and nanocarriers in CTs. To surf
through the waves of the current and upcoming healthcare
innovation and applied nanotechnology, a change of pace
and approach to the evaluation of nanomedicines, nanocar-
riers, and nanotechnology health products is needed, starting
from the CT setting. There is probably need to re-think how
an already strong regulatory framework can increase effi-
ciency by adapting itself, passing through its own innovation,
encompassing for example a more inclusive strategy, with
a higher level of involvement and early collaboration with
stakeholders so that facing regulatory challenges would be
part of the nanotechnology design and development phase.
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