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The integration of nanotechnology into healthcare has introduced Nanotechnology-
Enabled Health Products (NHPs), promising revolutionary advancements in medical
treatments and diagnostics. Despite their potential, the regulatory navigation for
these products remains complex and often lagging, creating barriers to their clinical
application. This review article focuses on dissecting the regulatory landscape
for NHPs, particularly in the European Union and the United States, to identify
applicable requirements and the main regulatory guidelines currently available
for meeting regulatory expectations.
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1 Introduction
1.1 Defining nanomedical technologies

Nanotechnology is an interdisciplinary field that encompasses the design, fabrication, and
application of materials at the nanoscale, typically within the range of 1-100 nanometers.
These materials, referred to as ‘nanomaterials;, possess unique properties due to their size,
distinguishing them markedly from their larger, bulk material counterparts. Such properties
are of significant interest for research and industrial applications, specifically in the field of
health (1, 2).

Nanomaterials can be categorized based on their number of dimensions that fall within
the nanoscale (3). This classification, depicted in Figure 1, includes:

- Three-dimensional nanomaterials (3-ND): all dimensions (X, y, z) are within the nanoscale.
Examples include fullerenes, quantum dots, and nanoparticles.

- Two-dimensional nanomaterials (2-ND): only two dimensions fall within the nanoscale.
This category comprises nanofibers, nanotubes, nanorods, and nanowires.

- One-dimensional nanomaterials (1-ND): characterized by a single dimension at the
nanoscale, these are flat structures such as nanosheets, nanowalls, and nanolayers.
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The basis of these special properties of nanomaterials lies in their
increased surface area. As bulk materials are subdivided into nanoscale
entities, the total volume remains the same, yet the cumulative surface
area of all entities is exponentially increased (Figure 2). This enhanced
surface area increases the exposure to the outer media, which
improves the reactivity of nanomaterials when compared to materials
above the nanoscale (4).

Furthermore, the high surface-to-volume ratio in nanomaterials
means that the majority of atoms are located at the surface. Forces
applying to an atom are compensated except for those at the surface.
The bond formation causes electrons to rearrange into lower energy
levels as per Hund’s Rule of Maximum Multiplicity. In nanomaterials,
with most atoms at the surface, there are fewer interatomic bonds,
resulting in higher surface energy (5). This phenomenon also explains
the reduction in the binding energy between atoms, which leads to a
significant decrease in melting temperature for nanomaterials relative
to their bulk material counterparts (6).

In addition to these distinct attributes, one of the key benefits of
innovation in nanotechnology is the ability to fine-tune the
physicochemical properties of materials, creating nanomaterials with
tailored characteristics for a variety of applications. Specifically, the

10.3389/fmed.2025.1544393

application of nanotechnology in the health sciences is broadly
referred to as ‘nanomedicine’ or ‘nanopharmacy’ (7, 8). This discipline
aims to develop tools, hereinafter referred to as nanotechnology-
enabled health products (NHPs), for the diagnosis, prevention, and
treatment of diseases, thereby revolutionising medical approaches and
therapies (9-13).

1.2 Evolutionary overview of NHPs

The prefix ‘nano’ derives from the Ancient Greek ‘nanos’ (vavog),
meaning ‘dwarf’. It first emerged in the scientific lexicon in 1956 and
gained formal recognition in 1960 during the General Conference on
Weights and Measures (Onziéme Conférence Générale des Poids et
Mesures) (14). Richard Feynman, notable for his influential 1959
lecture, ‘Theres plenty of room at the bottom’, contributed to the
conceptual understanding of manipulating matter at an atomic level,
reflecting the collaborative spirit of scientific discovery in
nanotechnology (15).

The field has been shaped by numerous scientists, with early
surface phenomena research by Gauss, Young, Laplace, and Poisson.

100 nm
3-ND 2-ND

FIGURE 1

1-ND

Types of nanomaterials based on the number of dimensions within the nanoscale.

FIGURE 2
Increased surface area in nanomaterials.
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Wilhelm Ostwald in 1915 emphasized the significance of studying at
smaller scales. Hermann Staudinger’s pioneering work in polymer
chemistry in 1930 and Lev Landau’s DLVO theory in 1962 provided
foundational knowledge about molecular interactions at the nanoscale.
The invention of the scanning tunnelling microscope by Heinrich
Rohrer and Gerd Binnig, who were awarded the Nobel Prize in Physics
in 1986, enabled direct manipulation of atoms and molecules,
significantly advancing the field of nanotechnology.

In the broader context of these developments, Norio Taniguchi, a
Japanese scientist, introduced the term ‘nanotechnology’ in 1974.
He described it as the precision engineering of materials at the atomic
or molecular scale (16).

From this historical juncture, the fascination with nanomaterials
and their myriad uses began to intensify. Despite being considered an
emerging science, nanomedicine has been a subject of research since
the 1990s, particularly its applications in medicine, medical
technology, and pharmacology (17). The remarkable diagnostic and
therapeutic capabilities of nanomaterials in healthcare are attributed
to their size compatibility with cellular organelles, facilitating direct
interactions with cells and thereby serving as potent agents for
biological process modulation (18).

Early advancements in nanomedicine sought to enhance the
pharmacokinetics of existing drugs. Nanomaterials as drug delivery
vehicles enable controlled and tailored release, reducing dosages and
minimizing adverse effects. They also offer favorable changes in
clearance, retention, and half-life, improving therapeutic efficacy
based on pharmacokinetic metrics such as area under the curve
(AUC) and maximum concentration (C,.,,) (19).

One of the earliest nanomaterial-based medicinal products to
receive approval were the polyethylene glycol-coated nanoliposomal
doxorubicin formulations, including Doxil® (approved by the FDA in
1995) and Caelyx® (approved by the EMA in 1996) (20). Currently,
approximately seven hundred health-related products employ
nanomaterials (21).

Nanomedicine reflects the broader evolution in medicine
towards precision and personalized therapies (22). The field is at the
forefront of employing detailed genetic profiling to devise
customized diagnoses and treatments, accommodating the distinct
genetic, phenotypic, and environmental factors influencing
individual treatment responses. Recent efforts have seen the
integration of nanotechnology with personalized medicine,
bolstering drug delivery and molecular diagnostics. For instance,
liposomal formulations enhance drug stability, reduce systemic
toxicity, and enable targeted delivery in oncology applications (23).
Polymeric nanoparticles can be engineered to carry therapeutic
genetic material for precision-based interventions, thereby
improving bioavailability while minimizing adverse effects.
Nanomedicine also provides insights into individual genetic profiles,
guiding the development of bespoke diagnostic and therapeutic
strategies, including patient-tailored gene editing and biomarker-
based diagnostics (24).

1.3 Nanomedicine in practice
Nanotechnology applications span a wide array of industries,

including textiles, automotive, civil engineering, construction, solar
technologies, environmental applications, transportation, agriculture,
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and food processing (25). This review, however, will concentrate on
nanomaterial-based products that serve a medical purpose, i.e., NHPs.
It is commonly held that NHPs have potential in four principal areas:
nano-diagnosis, controlled drug delivery, treatment, and regenerative
medicine (24, 26, 27).

NHPs are designed to provide contrast in targeted areas and to
convey information about the local environment upon introduction
into the body. They facilitate tissue labelling with specific markers
and enable the measurement of concentrations of targeted molecules,
thus aiding direct disease analysis within the human body.
Additionally, NHPs are used in vitro for the analysis of human
proximal body fluids—key sources of biomarkers—supporting
comprehensive diagnostic strategies for detecting molecular changes.
They allow for the simultaneous analysis of multiple biomarkers,
thereby enhancing diagnostic
(Figure 3) (101).

Market forecasts indicate substantial growth in the global

precision and reliability

nanotechnology sector (28). Projections estimate an annual growth
rate ranging from 9.2 to 36.4% up to 2030. The nanomaterials market,
valued at 7.1 billion United States dollars (USD) in 2020, is
anticipated to escalate to 13.60 billion USD by 2027. This surge is
primarily attributed to the increasing demand for nanomaterials in
health products, particularly drug delivery systems. The Asia-Pacific
region is expected to experience the most rapid market expansion
(29, 99).

2 NHP regulatory framework

2.1 Global regulatory overview

Health product
administrative, and technical measures implemented by governments

regulations consist of complex legal,
to ensure the safety, efficacy, and quality of medicinal products and
medical devices. They also verify that product information is relevant
and accurate (30). These regulations vary according to the legislative
frameworks specific to different geographic regions. Prominent global

regulatory areas include:

- North America (NoA), which comprises Canada and the USA.

- Latin America (LATAM), encompassing all American countries
outside of NoA.

- Europe, the Middle East, and Africa (EMEA).

- Asia-Pacific (APAC).

The regulatory systems of the EU and the USA are particularly
influential, often setting the benchmark for international regulatory
standards. In the EU, the European Commission (EC) provides the
foundational legal framework, whereas in the USA, the FDA is the
enforcing body for critical health product legislation. These
jurisdictions serve as reference points for regulatory practices around
the globe.

When it comes to regulatory classifications, NHPs are primarily
categorized as either medicinal products or medical devices. The
distinction between these categories is based on the product’s principal
mechanism of action for achieving its intended purpose. Medicinal
products are constructed to operate through pharmacological,
immunological, or metabolic (PIM) mechanisms. Conversely, medical
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Examples of applications of nanotechnology-enabled health products. Adapted from ‘Figure 1" of Acebes-Fernandez et al. (101).

devices function predominantly through physical or mechanical
means, although they may include PIM actions that supplement the
primary physical mechanism.

Within the term ‘medical devices, in addition to in vivo medical
devices, there is also the regulatory category of in vitro diagnostic
medical devices (IVDs). Due to their nature of use, these products do
not present the same technical and safety challenges as those in contact
with the human body (both medical devices and medicinal products).
This work focuses primarily on highlighting the need to develop a clear
regulatory framework for NHPs in contact with the human body.
Nevertheless, it is also important to acknowledge the existence of
significant regulatory challenges in the development of IVDs.

2.1.1 Regulatory approval of medicinal products

2111EU

The legislative framework for medicinal products in the EU is
delineated by Directive 2001/83/EC. Article 1(2) within this directive
offers a detailed definition of a medicinal product (31).

Medicinal product:

(a) Any substance or combination of substances presented as having properties
for treating or preventing disease in human beings; or.

(b) Any substance or combination of substances which may be used in or
administered to human beings either with a view to restoring, correcting or
modifying physiological functions by exerting a pharmacological, immunological
or metabolic action, or to making a medical diagnosis.

Frontiers in Medicine

In the EU, obtaining marketing authorization is a prerequisite
for all medicinal products, including those incorporating
nanotechnologies, before they can be marketed and provided to
patients. Nanomedicines may appear in various forms—some are
informally referred to as non-biological complex drugs (NBCDs)
due to their physicochemical complexity. Regardless of the exact
categorization, this process requires the submission of a marketing
authorization application (MAA), which is contingent upon the
product’s regulatory classification. The MAA is reviewed under one
of the following procedures: nationally within a single member
state, through a decentralized procedure involving multiple states,
or via a centralized procedure at the community level. Centralized
review is obligatory for nanomedicines that are developed using
certain biotechnological methods, aimed at treating serious
diseases, or defined as orphan drugs (31). The national competent
authorities (NCAs) conduct the MAA review for national and
decentralized procedures, while the EMA is responsible for the
centralized procedure.
as NBCDs,
physicochemical characteristics and lack a distinct legal classification

Nanomedicines, are intricate due to their
within the EU. Consequently, they are regulated on a ‘case-by-case’
basis, without a dedicated regulatory pathway (32). This contrasts with
biotechnology-derived medicinal products, which are required to
follow the centralized procedure. The ambiguous regulatory landscape
for NBCD follow-on products leaves uncertainty between adopting a
‘generic application’ under Article 10(1) or a ‘hybrid application’ under
Article 10(3). Research indicates a trend towards the hybrid
pathway (33).
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The key legislative documents for submitting and reviewing
MAAs in the EU are Directive 2001/83/EC and Regulation 726/2004/
EC. These ensure that all medicinal products, including nanomedicines
as NBCDs, are thoroughly evaluated for safety, efficacy, and quality.
Applications must be submitted in the electronic common technical
document (eCTD) format through the eSubmission gateway, in line
with International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH) M4
guidelines, and applicants must be established within the European
Community (Figure 4) (34).

The current EU pharmaceutical legislation has been
instrumental in the authorization of safe and efficacious medicines.
Nonetheless, it faces multiple challenges, including the need to
ensure equitable access to these treatments and to maintain a steady
supply. In recent years, the prevalence of medicinal shortages has
increased, adversely affecting healthcare systems and compromising
patient care.

Although the existing legislative framework fosters innovation
and supports the development of novel treatments, there is a notable
disparity in patient access across Member States. Furthermore, the
pace of innovation often fails to match unmet medical needs—
particularly in the context of antimicrobial development (35). In
response, the EC has proposed reforms that aim to bolster health
protection standards, guarantee EU-wide access to medicines, and
safeguard supplies. These reforms seek to update the legislation in
line with current scientific advancements and to reduce the
environmental impact of pharmaceuticals, forming part of a wider
strategy to enhance public health, market supervision, and the
accessibility of essential medicines. Fostering innovation and
competitiveness in the EU market, while ensuring environmental
sustainability, is deemed crucial, particularly for rare diseases and
pediatric medicines (35).

Despite the breadth of these reforms, the new European
Pharmaceutical Legislation (35) does not yet provide explicit
provisions for nanotechnology-enabled health products. Introducing
clearer regulatory pathways or guidance for such products could offer
greater transparency, especially for complex and hybrid applications,

Not part of
the eCTD

Regional
administrative
information
Module 1

overview

| |

{ Non-clinical :
Module 2 | |
|

The eCTD

Non-clinical

|
Quality overall { summary
L

summary

Non-clinical study Clinical study
reports reports
Module 4 Module 5

Quality
Module 3

FIGURE 4
Electronic Common Technical Dossier (eCTD) format [taken from
(34)].
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and could help streamline the authorization process across Member
States. The Centralized Procedure, in particular, may confer notable
advantages by reducing administrative duplication and ensuring
greater consistency in their evaluation and approval. Addressing these
considerations in the legislative debates holds the potential to
accelerate development and expand patient access to innovative
nanotechnology therapies more efficiently.

2.1.1.2 United States

In the USA, the definition of medicinal product is set forth in
section 201(g) of the Federal Food, Drug, and Cosmetic Act (FD&C
Act) (36):

The term drug’ means:

(a) Articles recognized in the official United States Pharmacopoeia, official
Homoeopathic Pharmacopoeia of the United States, or official National Formulary,
or any supplement to any of them; and.

(b) Articles intended for use in the diagnosis, cure, mitigation, treatment, or
prevention, of a disease in man o other animals; and.

(c) Articles (other than food) intended to affect the structure or any function of
the body of man or other animals; and.

(d) Articles intended for use as a component of any article specified in clause (a),

(b), or (c).

A food or dietary supplement for which a claim, subject to sections 343(r)
(1)(B) and 343(r)(3) of this title or sections 343(r)(1)(B) and 343(r)(5)(D) of
this title, is made in accordance with the requirements of section 343(r) of
this title is not a drug solely because the label or the labeling contains such
a claim.

A food, dietary ingredient, or dietary supplement for which a truthful and not
misleading statement is made in accordance with section 343(r)(6) of this title is
not a drug under clause (C) solely because the label or the labeling contains such a
statement.

The FDA is the competent authority tasked with the evaluation
and approval of pharmaceuticals in the United States. It is a vast
governmental institution composed of various offices, each
specialising in a different regulatory category of products (FDA
organization chart can be consulted in the following website: https://
www.fda.gov/media/171675/download?attachment). Within the FDA,
the Center for Drug Evaluation and Research (CDER) and the Center
for Biologics Evaluation and Research (CBER) play crucial roles in
drug regulation.

- The CDER’s Office of New Drugs (OND) assesses new
pharmaceuticals prior to their market release, while the Office
of Drug Safety (ODS) monitors post-market drug safety.

- The CBERS Office of Tissues and Advanced Therapies (OTAT)
oversees advanced therapies such as cell and gene treatments.
These offices work collaboratively to ensure that medications are
both safe and effective, which is a fundamental principle in the
science of drug regulation.

The process for applying to the FDA for marketing authorisation
(MA) of a new drug based on a chemical active substance is known as
a ‘New Drug Application’ (NDA). The FDA delineates three types of
NDAs in Part 314 of Title 21 of the Code of Federal Regulations (21
CFR 314), which interprets the FD&C Act and related statutes,
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forming the legal foundation for food, medical device, and drug
legislation in the USA. This law’s primary goal is to guarantee that
medical products and drugs are, in that order, safe and effective for
their intended end-users.

A brief outline of the regulatory pathways for an NDA
submission includes:

- Section 505(b)(1): an application comprising complete reports of
investigations on safety and effectiveness, used for drugs with
active ingredients never before approved.

Section 505(b)(2): an application including complete reports on
safety and effectiveness, but where some approval information
comes from studies not conducted by or for the applicant without
a right of reference.

In addition to the NDA process, there exists a separate
pathway for biological products known as ‘Biologics License
Applications’ (BLA). Through the CBER, the FDA reviews BLAs
to ensure that the biological products meet the necessary criteria
for purity, safety, and efficacy. The BLA is a comprehensive
document that must include data from preclinical and clinical
studies, demonstrating that the biologic is safe and effective for its
intended use. The CBER’s rigorous evaluation process ensures that
these complex products meet the standards required to protect
public health.

For submitting an application for a product that is a duplicate of
a previously approved medicinal product, the legal basis is referred to
as ‘abbreviated new drug application’ (ANDA) and it is described in
section 505(j). It consists of an application providing evidence that the
proposed product is identical to a previously approved product in
active ingredient, dosage form, strength, route of administration,
labelling, quality, performance characteristics, and intended use,
among other attributes.

It is important to emphasise that, as mentioned, under the 505(b)
(1) pathway, all studies to demonstrate the final product’s quality,
safety, and efficacy must be conducted by the applicant or must have
the right to reference third-party results.

Similar to the EU, in the USA, nanomedicines may be referred
to as NBCDs and do not have specific legal bases, leading to a ‘case-
by-case’ approach for their conformity assessment (32). New
nanomedicine products may follow any of the NDA routes. For
follow-on products, the FDA recommends the 505(j) ANDA
pathway as the standard evaluation route for complex generic drug
products, including those containing nanomaterials. This pathway
allows for the approval of a generic drug based on bioequivalence
to the reference product (37).

The general list of studies and requirements are described in the
legislative text of this legal basis and are essentially the same as those
for a complete dossier submitted in the EU according to Article 8(3)
of Directive 2001/83/EC.

2.1.2 Regulatory approval of medical devices

21.2.1EU

In the EU, medical devices are governed by Regulation (EU) (38)
(commonly referred to as ‘Medical Device Regulation’ or MDR).
Article 2(1) within this regulation includes a detailed definition of
medical device:
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“Medical device’ means any instrument, apparatus, appliance, software,
implant, reagent, material or other article intended by the manufacturer to be used,
alone or in combination, for human beings for one or more of the following specific
medical purposes:

diagnosis, prevention, monitoring, prediction, prognosis, treatment or alleviation
of disease,
- diagnosis, monitoring, treatment, alleviation of, or compensation for, an
injury or disability,
- investigation, replacement or modification of the anatomy or of a

Pphysiological or pathological process or state,

- providing information by means of in vitro examination of specimens
derived from the human body, including organ, blood and tissue donations,

and which does not achieve its principal intended action by pharmacological,
immunological or metabolic means, in or on the human body, but which may
be assisted in its function by such means.

For enhanced clarity on the definition of a medical device,
specifically regarding its primary mode of action, the Medical Device
Coordination Group (MDCQG), established in accordance with Article
103 of the MDR, has released guidance MDCG 2022-5. This guidance
offers further explanation on actions that operate on pharmacological,
immunological, or metabolic (PIM) means (Table 1) (29).

In the EU, for a medical device to be legally sold, it must obtain a CE
mark (Conformité Européene). This mark indicates that the device meets
the safety and performance requirements according to the MDR,
depending on its intended use as stated by the manufacturer. The general
safety and performance requirements (GSPRs) are listed in Annex I of
the MDR. Identifying which of these requirements apply to a specific
medical device early in the development process is fundamental. This
ensures that the necessary steps are taken to demonstrate the device’s
compliance through various tests and studies. The data collected to show
compliance is compiled in a file called the Technical Documentation (39).

Additionally, a medical device’s compliance is linked to the
manufacturer’s Quality Management System (QMS). The QMS’s
processes ensure that the device consistently meets standards at all
stages of production and throughout its lifespan (39).

TABLE 1 Definition of pharmacological, immunological, and metabolic
means as defined in MDCG 2022-5.

Action ‘ Definition

‘Pharmacological means’ is understood as an interaction

typically at a molecular level between a substance or its
Pharmacological | metabolites and a constituent of the human body which results
in initiation, enhancement, reduction or blockade of

Pphysiological functions or pathological processes.

‘TImmunological means’ is understood as an action initiated by

a substance or its metabolites on the human body and mediated

or exerted (i.e., stimulation, modulation, blocking, replacement)
Immunological

by cells or molecules involved in the functioning of the immune

system (e.g., lymphocytes, toll-like receptors, complement

factors, cytokines, antibodies).

‘Metabolic means’ is understood as an action of a substance or
its metabolites which involves an alteration, including stopping,
Metabolic starting or changing the rate, extent or nature of a biochemical
process, whether physiological or pathological, participating in,

and available for, function of the human body.
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For the CE marking of certain medical devices in the EU, they
must be evaluated by a conformity assessment body designated in
accordance with the MDR, as applicable, that is, a Notified Body (NB).
A NB is an entity appointed by an EU member state to assess the
conformity of certain risk classes of devices. The NB evaluates both the
Technical Documentation and the QMS to ascertain conformity with
the MDR, following the selected conformity assessment route (39).

Medical devices regulated under the MDR are categorized into
four risk classes (I, IIa, IIb, and III), based primarily on the intended
use of the product. The classification also considers factors such as the
invasiveness of the product, the duration and nature of patient contact,
and other special characteristics. There are 22 classification rules in
total, defined in Annex VIII of the MDR. Notably, the MDR introduces
a specific classification rule for products that incorporate
nanomaterials within their composition, Rule 19 (39):

All devices incorporating or consisting of nanomaterial are classified as:
- class 111 if they present a high or medium potential for internal exposure;
- class IIb if they present a low potential for internal exposure; and

- class Ila if they present a negligible potential for internal exposure.

In the EU, NHPs regulated as medical devices are always classified, at
a minimum, as Class Ila; therefore, the conformity assessment always
requires the involvement of an NB. To facilitate the correct application of
this rule, the Scientific Committee on Emerging and Newly Identified
Health Risks (SCENIHR) published specific guidance for determining the
potential for internal exposure based on the type of nanomaterial
application (free, fixed in a coating, or embedded), the type of contact
with the body, and the nature of this contact (Figure 5) (40).

As previously mentioned, the significance of risk class
classification is inherently linked to the applicable requirements for
the corresponding conformity assessment process. Products within
higher risk classes require a more comprehensive conformity
assessment process, conducted by NBs. Conversely, products
within the lowest risk class, Class I, can have their conformity
assessment conducted by the manufacturer itself and can be placed
on the market without the involvement of an NB (39).

2.1.2.2 United States

In the USA, the FDA is the regulatory authority responsible for
the regulation of medical devices. It falls under the jurisdiction of the
Center for Devices and Radiological Health (CDRH). The statutory
definition of a medical device is provided in Section 201(h) of the
Federal Food, Drug, and Cosmetic Act (FD&C Act) (36):

The term device’ means an instrument, apparatus, implement, machine,
contrivance, implant, in vivo reagent, or other similar or related article, including
any component, part, or accessory, which is:

- Recognized in the official National Formulary, or the United States
Pharmacopeia, or any supplement to them,

- Intended for use in the diagnosis of disease or other conditions, or in the cure,
mitigation, treatment, or prevention of disease, in man or other animals, or

- Intended to affect the structure or any function of the body of man or
other animals,

And which does not achieve its primary indications for use through chemical
action within or on the body of man or other animals and which is not dependent
upon being metabolized for the achievement of its primary indications for uses.
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The FDA categorizes medical devices into three risk-based classes:
Class I, Class II, and Class III, which range from low to high risk,
respectively. Similar to the EU, the classification system is intrinsically
linked to the level of regulatory oversight required to ensure the safety
and efficacy of these devices.

In the USA, regulatory requirements of safety and efficacy are
referred to as ‘General and Special Controls’ Identifying the relevant
controls for a new device at the earliest stages of development is
critical to ensure compliance with regulatory standards and to
expedite the product’s time to market.

The pathway to commercialization of medical devices in the USA
may require an FDA review. While most Class I devices and certain
Class II devices are exempt, the majority of Class II devices and all
Class III devices must undergo FDA scrutiny. There are three primary
FDA review processes for the registration and commercialization of
medical devices in the USA:

- The Premarket Notification [510(k)] process requires a submission
to the FDA to demonstrate that the device in question is ‘Substantially
Equivalent’ (SE) to a legally marketed device, known as a ‘predicate’
This involves proving not only SE to the predicate device but also
compliance with the applicable general and special controls.

- The Premarket Approval (PMA) is a more rigorous process
involving scientific and regulatory review to assess the safety and
effectiveness of Class III devices, which goes beyond general and
special controls.

- The De Novo Submission, or ‘De Novo process’ [513(f)], provides a
pathway for classifying novel, moderate risk devices that lack a
legally marketed predicate device. In cases where general controls,
or a combination of general and special controls, are sufficient to
ensure safety and effectiveness for their intended use, the De Novo
process can be used for risk-based down-classification of the device.

The specifics of the Product Dossier are dictated by the chosen
FDA review procedure:

- A 510(k) dossier is compiled to establish SE with a
predicate device.

- A PMA dossier represents the most comprehensive Product
Dossier, including complete Clinical Evidence data.

- A De Novo dossier aims to justify the absence of a suitable
predicate and to demonstrate the moderate risk associated with
the device’s use.

As with the majority of medical devices, for NHPs regulated as
medical devices, the PMA pathway is the least common. According to
the study by Jones AD, a search of the FDA’s database of medical
devices sold in the USA [ACCESS Global Unique Device Identification
(GUDID)] from 1980 to 2017 revealed 2.586 ‘nano* implantable
devices from a total of 16 unique manufacturers (the symbol *’ is used
for truncation of search terms). Of those, only 36 had to go through the
lengthier PMA process. Multiple filings by the same manufacturer may
indicate either that manufacturers are taking advantage of ‘serial
predicates, which raises important questions regarding the effectiveness
of regulatory oversight in fostering innovation while protecting public
health, or that there are prohibitive challenges (41).

Finally, as in the EU, medical device manufacturers in the USA are
obliged to implement a QMS in accordance with the Quality System
Regulations (QSR)(21 CFR 820) (36).
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Table 3: An estimation of potential external and internal exposure as starting
point for a risk evaluation for medical devices containing nanomaterials
Type of application of nanomaterials
External exposure/internal exposure
Fixed Fixed
Free (coating) (coating) Embedded Embedded
. Weak Strong In In non-
Typ(-_: of Type of DEEATn (physisor | (chemisor | degradable degradable
device contact of contact " .
b) b) materials* materials
<24 h H/N M/N M/N L/N N/N
Intact skin >23‘:)r:jt° H/N M/N M/N M/N N/N
>30d H/N M/N M/N H/N N/N
Sliace Intact mucosal >5242?1 20 L ML W ” "
device membrane 30d H/M M/M M/L M/M /N
>30d H/M M/M M/L H/M N/N
Breached or 24Sh2é>h30 H/H M/M M/L L/M N/N
compromised d H/H M/M M/L M/M N/N
Surface 30d H/H M/M M/L H/M N/N
<24h na M/M M/L L/L N/N
Blood path, >4 hto na M/M M/L M/M N/N
indirect ** 30
>30d na M/M M/L H/M N/N
<24h H/H M/M M/L L/L N/N
External - /bone/ Ty
Commun- Issue/bone, (0] M/M N/N
icating dentin 30d H/H M/L M/M
device >30d H/H M/M M/L H/H N/N
<24h na H/H H/H L/L N/N
onne | ERS [ v [ em [ e [ v
>30d na H/H H/H H/H N/N
<24h H/H H/H H/L L/L N/N
>24 h to
Tissue/bone 30d b HiH H/L M/M N/N
>30d H/H H/H H/L H/H N/N
Implant
device <24h H/H H/H H/L L/L N/N
Blood >2340 P:jto H/H H/H H/L M/M N/N
>30d H/H H/H H/L H/H N/N
H=high, M=medium, L=low, N=negligible, na= not applicable
H/L means high potential contact and/or external exposure to the nanomaterial / low potential for
internal systemic exposure of all organ systems
* the exposure will depend on the degradation time of the medical device
** contacting the blood path at one point. Examples of these types of devices are solution
administration sets, transfer sets and blood administration sets (ISO 10993-4:2002)
**x Examples of these types of devices are: intravascular catheters, extracorporeal oxygenating
tubing and dialysers (ISO 10993-4:2002).
FIGURE 5
Extract from SCENIHR guidance for the determination of potential of internal exposure to nanomaterials in medical devices.

2.2 Reg ulato ry consu ltations P rocedures prospective in nature. SA questions can relate to the suitability of quality,
nonclinical and clinical development programmes including specific
2.2.1 Medicinal products issues such as drug substance / product specifications, design and
rationale for non-clinical toxicity studies and clinical trial design features.
2.2.11EU In general, SA meetings are used to request Agency endorsement or
feedback for proposed exceptions, justifications, marginal issues or
2.2.1.1.1 Scientific advice procedure with EMA

Scientific Advice (SA) is the process by which a competent authority

aspects of development not clearly covered by existing regulatory guidance.
The SA procedure at EMA is generally ‘high level, in the sense that

gives advice to an applicant during the development of a product, andis  there is a greater focus on the final MAA and a certain level of
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expectation regarding (i) quality and breadth of available data and (ii)
the potential of the product. In addition, the EMA does not approve
clinical trials which is done at the national level, so questions regarding
suitability of documentation for clinical trial authorisation are best
directed at the appropriate NCAs although EMA may comment on
the suitability of overall clinical trial design to support MAA.

Companies can request SA from EMA at any stage in product
development. At the technical level, EMA SA in the form of a written
document is issued by the Committee for Medicinal Products for
Human Use (CHMP) on the recommendation of the Scientific Advice
Working Party (SAWP).

Some additional points to consider are:

- SA is not mandatory, but it is highly recommended and can
be conducted on as many occasions as necessary; it is worth
noting that there is a general sense that drug developers that
work in collaboration with regulators maximise the probability
of a successful MAA (42).

- Optimal times for SA procedures are:

o Before initiation of first-in human studies to ensure that the
Quality and Nonclinical development programs are adequate
to support proposed early phase clinical trials and pivotal (in
compliance with good laboratory practices) toxicity
studies, and,

o Prior to late-stage clinical trials to ensure that the study
design(s) are adequate and that the completed Quality and
Nonclinical packages to be submitted are sufficient to support
marketing and to address regulatory issues related to the MAA.

2.2.1.1.2 ITF meeting

The EMA’s Innovation Task Force (ITF) is a multi-disciplinary
group that includes experts with scientific, regulatory and legal
competencies. Meetings with ITF provide a forum for early dialogue
with Applicants on innovative aspects in product development. An
ITF meeting offers an early engagement platform for research and
development aimed towards innovative therapeutic approaches. The
meetings allow interaction at any early stage in development and a
broad-ranging general discussion where opinions can be exchanged
in a relatively informal setting. At such meetings, the Company makes
a presentation of their development plan and general feedback on the
development program is given (e.g., regarding the acceptability of
proposed animal models).

ITF briefing meetings are free of charge and are usually held
within approximately 60 days of receipt of a valid application. The
first step in the process is to fill out a short request form, detailing
the product and the topics to be discussed (which can relate to
quality, nonclinical or clinical development) to be followed by a
more detailed briefing document containing a series of suggested
topics for discussion at the meeting along with background
information about the product. Detailed questions on specific
aspects of development are normally considered to be out of the
scope of the process, which is described by the ITF Secretariat as
‘joint brainstorming on innovative methods, technologies and
products linked to drug development.’

The ITF is open for discussion on any issue related to the
development of emerging therapies and technologies, including
nanomedicines, even if the regulatory classification of the intended
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product is not immediately evident. The outcomes of the meetings
with the ITF are specific for early-stage development of complex
projects and are non-binding. An advantage compared to SA is that
the applicant does not need to have a position statement on the
questions raised, and no fees apply to this procedure. Therefore, ITF
meetings are an excellent opportunity to obtain informal and
preliminary scientific advice, particularly when exploring theoretical
discussions with less concrete information compared to what is
required for formal scientific advice procedures. For more detailed
answers to specific questions, a SA or Qualification Advice meeting
would be more appropriate. Notably, nanotechnologies, including
nanomedicines, have been among the top 10 themes discussed in ITF
meetings in recent years, present in 5% of the procedures from 2019
t0 2022 (43).

ITF meetings are generally considered a useful way of preparing
for, offering insights from EMA experts on proposed approaches. It
should be noted that these meetings are granted by the ITF Secretariat
at their discretion based on the submission of a meeting request and
a short draft briefing document - the ITF Secretariat may also select
only some of the proposed topics for discussion at the meeting,
depending on whether they are considered in or out of scope.

2.2.1.1.3 SME briefing meeting

Small and medium-sized companies (SME) Briefing Meetings are
offered by the EMA’s SME office. The function of these meetings is to
give guidance to companies on their regulatory strategy (but not
necessarily scientific or technical questions). To do these meetings, the
SME office require some background information of the product and
the stage of development as well as the questions the Company would
like to raise.

These meetings are not considered replacements for the ITF or SA
meetings and there is no limit in the number of meetings. The
meetings normally last 90 min and the format of these meetings
consists of a 15-20-min presentation by the company to present the
background of the product development, with the rest of the time
available for questions. The SME briefing meetings count with the
participation of EMA staff from different offices (e.g., scientific advice,
orphans, pediatrics, regulatory affairs). It may be useful to conduct
this type of meeting first to ensure the maximum benefit is obtained
from the ITF meeting.

2.2.1.1.4 Scientific advice with NCAs

Several European NCAs offer informal opportunities for early-
stage dialogue. For example, the Paul-Ehrlich-Institut (PEI)
Innovation Office in Germany also offers Pre-Advice meetings for
products in a very early stage of development for general (scientific)
guidance and regulatory orientation and is an informal exchange on
general issues. These meetings are also in addition to standard
scientific advice meetings. As PEI is an international leader on
biological products and their manufacture, this NCA can be an
interesting choice for discussion.

Also, of note, the EMA and European Heads of Medicines
Agencies (HMA) have initiated the second phase of Simultaneous
National Scientific Advice (SNSA) pilot program that is due to run
until late 2024. This permits SA to be conducted with up to 3 NCAs
(maximum of two participating NCAs and one observer NCA)
simultaneously via a single common application procedure, and with
a consolidated final advice incorporating the positions of each NCA.
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After the withdrawal of the UK from the EU, there may also
be scope for consultations with the Medicines and Healthcare
Products Regulatory Agency (MHRA) at different stages in product
development via the MHRA Innovation Office and Scientific Advice
service. There is also the possibility of joint meetings with the MHRA
and the National Institute for Healthcare and Excellence (NICE),
which may be useful for the discussion of later stage (e.g., Phase IIT)
clinical study design.

2.2.1.2 United States

The FDA offers three types of formal meetings for developers of
medicinal products, which are classified as Type A, Type B and Type
C meetings, as described below and in the relevant FDA
guidance (44):

- Type A Meeting: these meetings aim to provide assistance to a
stalled product development program (e.g., to discuss a new path
forward after responses to a clinical hold) or to provide ‘Special
protocol assessment, which is a process designed to achieve
agreement between developers and FDA with regard to critical
design elements of clinical and / or nonclinical studies considered
critical for supporting marketing approval (45).

- Type B Meeting: these meetings are scheduled at specific points
(‘milestones’) during the development program; just before
submission of a first-in human study, at the end of phase 1 of
clinical development (End-of-Phase 1 meeting), at the end of
phase I / start of phase III of clinical development (End-of-Phase
2 meeting and pre-Phase III meeting), and just prior to
submission of the BLA (pre-BLA meeting). In general, Type B
meetings are broadly similar in format and purpose to the SA
procedures with EMA.

- Type C Meeting: any other meeting with the FDA regarding the
development and review of a product that is not a Type A or Type
B meeting.

Type D Meeting: these meetings are focused on a narrow set of
issues (should be limited to no more than 2 focused topics) and should
not require input from more than 3 disciplines or Divisions.

2.2.2 Medical devices

2.2.2.1EU

In the EU, as previously mentioned, the authorities responsible for
issuing CE marking for products above Class I are the NBs. These
institutions are not authorized to provide consultancy services during
the development of medical devices to manufacturers. Therefore,
medical device manufacturers must approach NBs once they have
nearly completed the development of their product and are ready to
submit the technical documentation.

For innovative medical devices such as some NHPs, the pilot program
for Scientific Advice for High-risk Medical Devices may be of interest.
This program, in line with Article 61(2) of the MDR, is open to all
manufacturers established in the EU and aims to provide support related
to clinical development strategy and the proposal of clinical investigations
for Class III and active Class IIb MD intended for the administration of
medicines. Applications from small and medium-sized enterprises receive
special attention to ensure their representation in the program. The third
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phase of the program finished on April 30th, 2024; new editions of the
program are anticipated in the future.

2.2.2.2 United States

In the USA, however, there is the Q-Submission Program, a more
established program that offers various mechanisms for requesting
feedback from the FDA at different stages of development and after
submitting the product’s PMA.

- Pre-submission: a formal request for comments through which
the FDA helps guide product development and/or the preparation
of the application.

- Informational meetings: the sponsor shares information with the
FDA without expecting comments; the FDA will be in ‘listening’
mode. This is appropriate if the sponsor wants to familiarize the
FDA review team with a new device that has significant
technological differences from current devices. It is also useful
for providing an overview of development when multiple
submissions are planned.

- Study risk determination: to request the FDA to determine if a
clinical study is of significant risk or non-significant risk.

- Submission issue request: a request for FDA feedback to address
issues communicated in a hold letter from a marketing application.

It is highly recommended, especially for such novel products with
few precedents and applicable regulatory guidelines, to take advantage
of these consultation procedures. They can ensure optimal product
development in accordance with FDA expectations, the authority
responsible for the final product authorization.

3 Regulatory state of the art

To demonstrate compliance with the applicable regulatory
requirements for NHPs, it is critical to consider the state of the art in
both technology and regulatory affairs.

The term ‘state of the art’ is frequently used to denote the most
modern or advanced stage of development in a specific field, reflecting
the highest level of development from the latest techniques and
technologies. It is also defined as the level of knowledge and
development achieved in a particular technique or science, particularly
in contemporary times (46). In the context of patent law, the state of
the art is the collection of all technical knowledge that has been made
publicly available (47).

From a regulatory standpoint, the state of the art in technology
indicates the current level of technical development in terms of
products, processes, and services, which is grounded in the
established findings of science, technology, and accumulated
experience. This concept is what is currently accepted as good practice
in the fields of technology and medicine, and it is essential for
establishing the baseline from which to demonstrate the quality,
safety, and efficacy of health technologies, including NHPs. However,
it is important to note that the state of the art does not necessarily
correspond to the most advanced technological solution (48)
(Figure 6).

The regulatory state of the art, meanwhile, encompasses the most
recent technical standards, relevant legislation, and current regulatory
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FIGURE 6
State of the art from a regulatory perspective.
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guidelines. These elements together represent the most advanced and
recognized level in the field of product-specific regulation (49). Such
an integrated perspective ensures that the regulatory state of the art is
in sync with the technological state of the art, encouraging the creation
of products that are innovative and adhere to the highest standards of
safety and efficacy.

3.1 Reqgulatory state of the art for NHPs
regulated as medicinal products

For NHPs regulated as medicinal products, the legislative
framework sets out specific requirements that must be fulfilled. MA
holders must comply with a variety of general and specific
pharmacopeia chapters and guidelines to ensure the product’s quality,
safety, and efficacy.

The globalization of medicinal product development has
prompted regulators to focus on shared approaches and standards,
while preserving autonomy in decision-making within their legal
mandates. The ICH is instrumental in harmonizing international
regulatory standards for medicines, thereby facilitating a coherent
global regulatory framework in the pharmaceutical industry. The ICH
guidelines are divided into themes of quality, safety, efficacy, and
multidisciplinary guidelines.

There are also voluntary international forums with varying
objectives: the International Conference of Drug Regulatory
Authorities (ICDRA), backed by the World Health Organisation
(WHO), aims to discuss priorities and strengthen convergence,
especially for low- and middle-income countries; and the
International Coalition of Medicines Regulatory Authorities
(ICMRA) was formed by agency heads for executive-level
exchanges (50).

Frontiers in Medicine

11

Although ICH guidelines to

pharmaceuticals, they do not always include specific considerations

are generally applicable
for NHPs, particularly those using nanotechnology, and may not
be directly applicable. For instance, genotoxicity tests recommended
by regulatory bodies may yield false-negative results for nanomaterials,
leading to an underestimation of their mutagenic effects on cells. In
relation to genotoxicity, the in vitro Ames test assay, which has
produced false negatives when tested with nanomaterials (as
nanomaterials sometimes do not penetrate the bacterium and thus
have no effect), is deemed unsuitable for evaluating mutagenicity.
Carcinogenicity studies, required only when the drug is administered
over a long period, are lengthy, typically taking around 2 years. For
certain nanomaterials, such as nickel-based ones, the mechanisms
underlying carcinogenicity are not entirely understood, necessitating
the development and validation of specific methods. Concerning
immunotoxicity, it is clear that nanomaterials can interact with the
immune system, potentially causing immune responses that affect the
medicinal products efficacy and/or safety. Notably, instances of
CARPA syndrome (a pseudo-allergy syndrome associated with
complement C-activation) have been documented with various
nanomaterial systems. Currently, there is an absence of a specific
regulatory framework, and there is a need for the development of new
models that may eventually establish new regulatory standards. This
underscores the need for specific guidelines tailored to the unique
properties of these products (51).

3.2 Reqgulatory state of the art for NHPs
regulated as medical devices

The demonstration of conformity with regulatory requirements
for medical devices, including NHPs, in the EU and the USA relies on
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adhering to guidelines issued by competent authorities, international
standards, and literature references, as well as the application of
proprietary methodologies and their validation, or a combination of
these various approaches.

Standard-emitting organizations such as ISO and ASTM, through
their specialized working groups, are pivotal in developing and
updating standards that pertain to the medical device industry. There
are ISO and ASTM standards that address a wide range of aspects in
medical device development, from quality considerations and risk
management to preclinical and clinical evaluations. Within these
organizations, there are committees specifically dedicated to NHPs,
such as ISO/TC 229 Nanotechnologies and ASTM’s E56.08 on Nano-
enabled medical products.

In the EU, the European committees CEN (European
Committee for Standardization) and CENELEC (European
Committee for Electrotechnical Standardization) review ISO
standards to ensure they align with the requirements of the
MDR. Upon endorsement, these standards are published in the
Official Journal of the EU as ‘harmonized’ standards and include an
annex, Annex Z, which outlines their correlation with the legal
mandates of the MDR. While adherence to these standards is
voluntary, products that comply with the relevant harmonized
standards are presumed to satisfy the applicable GSPRs of the MDR
(‘presumption of conformity’).

In the USA, the FDA reviews and adopts standards from various
organizations, including but not limited to ISO and ASTM, and
designates them as consensus standards. Declarations of conformity
by the manufacturers to these standards are recognized as evidence of
compliance with the relevant General and Special Controls.

Although not harmonized or designated as consensus standards,
standards specifically relevant to NHPs are ISO/TR 13014:2012(E)
Guidance on physico-chemical characterization of engineered nanoscale
materials for toxicological assessment and ISO/TR 10993-22:2017
Biological evaluation of medical devices—Part 22: Guidance on
nanomaterials. These standards provide guidance on physicochemical
characterization methods for toxicological assessment. They aim to
aid in assessing the toxicological impact of manufactured nano-
objects, allowing for differentiation between materials that may appear
similar. ISO/TR 10993-22:2017 also includes details on sample
preparation and release toxicokinetic studies, covering absorption,
distribution, metabolism, and excretion/elimination (38, 52). Despite
this, current evaluations and models tend to overlook the
consideration of ageing in medical devices, even though this aspect is
included in the ISO 10993-22 standard. The current models for
analyzing nanoparticle release from medical devices do not adequately
address the ageing factor of these devices, despite comprehensive
detailing of nanoparticle characterization in the ISO 10993-22
standard. Furthermore, existing models do not sufficiently consider
the specific implantation site of medical devices within the body, the
surrounding environment, or the duration of its implantation.
Therefore, a tailored, case-by-case approach remains necessary for
assessing the risks associated with medical devices, as there are no
validated test methods specifically designed for nanomaterials at
present. Consequently, these tests will need to be applied individually,
with appropriate modifications considering the unique characteristics
of nanomaterials based on their intended applications.

Furthermore, specific regulatory guidelines have been released by
entities such as the MDCG in the EU and the FDA in the USA. There
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are also guidelines with global reference published by the International
Medical Device Regulators Forum (IMDRF), the WHO, and the
Organisation for Economic Co-operation and Development (OECD).
The field of NHPs has seen an increase in the publication of specific
guidelines for these medical devices.

4 Discussion: regulatory hurdles for
NHPs

The regulation of health technologies consistently lags behind
rapid advancements in research and development. This is particularly
true for NHPs, where the delay in establishing specific regulatory
guidelines is pronounced due to the unique properties of
nanomaterials compared to their larger-scale counterparts. This delay
has resulted in the ‘valley of death’ a term used to describe a significant
decline in the number of NHPs that reach advanced stages of
development, such as clinical trials or market release, relative to those
in the research and development phase (53-55).

Several regulatory challenges exacerbate this ‘valley of death;
especially as progress in NHPs continues. These challenges include the
lack of harmonized definitions, the paradigm of physicochemical
characterization, and, specifically for products that come into contact
with the human body, the difficulty in obtaining evidence related to
biological safety, nanotoxicity, and in vivo behavior of NHPs (56-58).

4.1 Lack of harmonised definitions

Comparative analysis between similar products is vital in
regulatory science, helping regulators and competent authorities to
identify potential requirements for novel products based on existing
ones. This global approach is useful even when comparing products
approved under different regulatory jurisdictions, such as NHPs in the
EU and the USA. However, a cornerstone for regulatory
interoperability is the establishment of clear and harmonized
definitions that allow for the consistent categorization of NHPs.

“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 fulfil at least one of the
following conditions:

a one or more external dimensions of the particle are in the size range 1 nm
to 100 nm;

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

o

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 ym need not
be considered.

However, a material with a specific surface area by volume of < 6 m? /cm’ shall
not be considered a nanomaterial’.

Within the EU, various legislative frameworks have their own
definitions of nanomaterials (Table 2). Additionally, the EC published
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TABLE 2 Nanomaterial definitions included in EU legal frameworks.

Definition

Legislative

framework

10.3389/fmed.2025.1544393

Medical Device Regulation

(EU) 2017/745
range 1-100 nm.

‘Nanomaterial’ means a natural, incidental or manufactured material containing particles in an unbound state or as an aggregate or as an

agglomerate and where, for 50% or more of the particles in the number size distribution, one or more external dimensions is in the size

Cosmetic Product Regulation

(EU) 1223/2009 internal structure, on the scale from 1 to 100 nm.

‘Nanomaterial’ means an insoluble or biopersistant and intentionally manufactured material with one or more external dimensions, or an

Novel food Regulation (EU)
1169/2011

are characteristic of the nanoscale.

‘Engineered nanomaterial’ means any intentionally produced material that has one or more dimensions of the order of 100 nm or less or
that is composed of discrete functional parts, either internally or at the surface, many of which have one or more dimensions of the order of

100 nm or less, including structures, agglomerates or aggregates, which may have a size above the order of 100 nm but retain properties that

Properties that are characteristic of the nanoscale include:
(i) those related to the large specific surface area of the materials considered; and/or

(ii) specific physico-chemical properties that are different from those of the non-nanoform of the same material.

is in the size range 1-100 nm.

Biocidal product Regulation nanomaterials.

(EU) 528/2012

the surface areas of the individual components,

‘Nanomaterial’ means a natural or manufactured active substance or non-active substance containing particles, in an unbound state or as an

aggregate or as an agglomerate and where, for 50% or more of the particles in the number size distribution, one or more external dimensions
Fullerenes, graphene flakes and single-wall carbon nanotubes with one or more external dimensions below 1 nm shall be considered as

For the purposes of the definition of nanomaterial, ‘particle; ‘agglomerate’ and ‘aggregate’ are defined as follows:

- ‘particle’ means a minute piece of matter with defined physical boundaries,

- ‘agglomerate’ means a collection of weakly bound particles or aggregates where the resulting external surface area is similar to the sum of

‘aggregate’ means a particle comprising strongly bound or fused particles;

on 10 June 2022 the Commission Recommendation 2022/C 229/01,
which includes an updated definition of nanomaterial (59):

In contrast, the USA FDA has not established a regulatory
definition for terms such as nanotechnology, nanomaterial, or related
terms. Instead, it provides a series of considerations in its Guidance
for Industry (Considering Whether an FDA-Regulated Product Involves
the Application of Nanotechnology) to help manufacturers determine
if their product involves nanotechnology (60).

(1) whether 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 nm 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 1nm to 100 nm that are relevant to evaluations of safety,
effectiveness, performance, quality, public health impact, or regulatory status of
products, we will also ask:

(2) whether 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 one micrometer (1,000 nm).

Globally applicable definitions are provided by ISO standard
80,004-1:2023 Nanotechnologies — Vocabulary Part 1: Core vocabulary:

- Nanoscale: length range approximately from 1 nm to 100 nm.

- Nanomaterial: material with any external dimension in the nanoscale
(3.1.1) or having internal structure or surface structure in the nanoscale.

Frontiers in Medicine

Despite the broad consensus on the significance of nanoscale
materials, regulatory agencies offer varying specific definitions. For
example, the US Environmental Protection Agency and novel food
regulations do not establish a minimum size threshold, while the
FDA’s guidance allows considering particles up to 1.000 nanometers.
The EUs recommendation, along with chemical and biocide
regulations, requires that at least 50% of a material’s particles be within
the 1-100 nanometer range.

Consequently, whether a substance is classified as a nanomaterial
can hinge on its regulatory context and geographic region, with subtle
differences applied by each governing body (61, 62). Nonetheless,
definitions based on size thresholds must be treated with caution, as
the dimensions of nanomaterials can be influenced by their
surrounding medium (e.g., through aggregation, agglomeration, or
surface modifications). Whichever definition is employed, it remains
essential that all substances and materials receive the requisite safety
assessments for their intended applications. Furthermore, not all
nanomaterials exhibit novel properties driven by size, while certain
emerging attributes (such as color changes observed at the nano-scale)
have yet to be correlated with any known or plausible hazard or risk.

4.2 Physicochemical characterization

Nanomedicine has witnessed substantial growth, leading to an
increased focus on the regulatory aspects of NHP characterization.
Authorities such as the EMA or the FDA underscore the importance of
physicochemical parameters in assessing the quality, efficacy, and safety
of NHPs. These minimal parameters include particle size distribution,
chemical composition, drug loading, and release kinetics (63).
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Despite the necessity for in-depth characterization, the
current standardized methods can be limited and often
inadequate for innovative nanoformulations. This has created a
need for the harmonization of protocols and methodologies to
ensure regulatory approval and compliance. The harmonization
process is crucial for advancing nanomedicine and protecting
public health (63, 64).

A foundational step in evaluating NHPs for therapeutic use is
rigorous physicochemical characterization, which is vital for ensuring
the product’s quality, safety, and efficacy. Techniques like dynamic light
scattering (DLS) and electron microscopy (EM) are commonly used
but have limitations and are often paired with other methods for a
more accurate assessment. Agencies recommend validated and
standardized methods, with guidance from organizations such as ISO
and ASTM International (63).

Initiatives like the Assay Cascade Protocols’ support the
development of reliable nanoparticle characterization techniques (65).
Such initiatives provide structured approaches based on effective
methods, aiding both industry and academia in regulatory compliance
for nanoparticle-based products. Institutions like the Nanotechnology
Characterisation Laboratory (NCI-NCL in the USA and EU-NCL in
Europe) and the OECDs Working Party on Manufactured
Nanomaterials (WPMN) play an instrumental role as well (66).

4.3 Biocompatibility, nanotoxicity,
pharmacokinetics and pharmacodynamics

The physicochemical characteristics of in vivo application of NHPs
are linked to their biological behavior. Subtle variations in these
characteristics can result in significant changes in their mode of action
and toxicity (67). When NHPs interact with biological media, they
adsorb medium constituents onto their surface, creating a protein-rich
corona, which transforms the nanoparticles into a hybrid system. This
significantly alters their pharmacokinetics compared to small drug
molecules, presenting a challenge in understanding their safety profile
and meeting regulatory expectations (29, 57, 68-72, 100).
which studies the effects of
nanomaterials, reveals that NHPs can cause toxicity through

Nanotoxicology, adverse
mechanisms such as oxidative stress, leading to cellular damage,
inflammation, and metabolic dysfunctions (73). These can result in
cellular dysfunction and death mechanisms beyond oxidative stress,
such as apoptosis, necrosis, and autophagy (58, 74). Additionally,
nanoparticles can disrupt molecular and biochemical pathways,
leading to mitochondrial damage and further cellular stress, as well as
induce cell cycle arrest and epigenetic changes that affect cell division
and repair processes, contributing to cytotoxicity (58, 74).

In response to these challenges, organizations such as the NCL
have been instrumental in developing new methods and protocols.
The NCL has assembled extensive databases and standardized
analytical protocols that are invaluable for addressing questions raised
by regulatory bodies and guiding the development of NHPs. These
resources support the advancement of nanomedicine by refining
methodologies and establishing safety and efficacy relationships (56).

Regulatory authorities assess NHPs on a case-by-case basis, often
adapting safety and toxicity assessment strategies from conventional
health products. The safety evaluation of NHPs encompasses a wide
spectrum, from molecular characterization to clinical predictability.
Regulatory agencies must account for the multicomponent nature of
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these products. Embracing safe-by-design principles, employing
advanced biological models, and promoting collaborations between
academia and industry are vital trends for overcoming challenges and
ensuring the safe and effective clinical application of NHPs (56).

4.4 Scale-up and manufacturing of NHPs

The scale-up and manufacturing phases introduce distinctive
challenges in the rapidly advancing sector of nanomedicine. An
in-depth understanding of the interacting components is necessary to
identify the product’s essential characteristics, which is crucial for
determining critical manufacturing steps and analytical benchmarks
to ensure product reproducibility (75-77).

Nanoparticle production methodologies are broadly categorized
into ‘top-down’ and ‘bottom-up’ strategies. The top-down approach
involves reducing larger entities into smaller particles, while the
bottom-up strategy involves assembling smaller components into
more sophisticated structures. The formulation process may include
techniques such as homogenization, sonication, milling,
emulsification, crosslinking, and lyophilization (78).

The Quality by Design (QbD) approach addresses these
complexities effectively by defining critical quality attributes (CQAs)
for a quality target product profile (QTPP) early in the development
process. It advocates a systematic and risk assessment-based strategy
for controlling the development and the manufacturing process (ICH
Q8 (R2), ICH Q9, ICH Q10). By mapping and parameterising
variables that significantly impact the safety and efficacy profile of the
final product, QbD facilitates reproducibility, batch-to-batch
consistency, and scaling up, increasing the likelihood of regulatory
approval for complex products (79, 80).

Identifying key process conditions that affect the desired attributes
and functionality of the product is essential. These conditions include
the ratios of polymers, drugs, targeting moieties, the type of solvents
and emulsifiers used, as well as mixing parameters, temperature,
pressure, ionic strength, and pH. Such factors can profoundly influence
the chemical structure and purity of the active components, especially
impacting the biological effectiveness of macromolecules (81, 82).

For instance, the production of liposomes demonstrates the
importance of manufacturing process control. Different preparation
methods result in various vesicle structures, each with specific stability
concerns (83). The FDA emphasizes the need for tight manufacturing
control due to the susceptibility of liposome drug products to
alterations in manufacturing conditions, including scale, shear force,
and temperature (84).

Sterility presents another substantial challenge, particularly for
nanomedicines requiring sterile administration routes. The particle
size and structure significantly influence the feasibility of sterilisation
methods, with filtration posing challenges for rigid nanoparticles near
the nominal pore size of standard filtration membranes (85).

Environmental safety concerns also play a vital role in nanoparticle
manufacturing (86, 87). Special care must be taken when handling dry
nanomaterials to prevent aerosolization and subsequent pulmonary
toxicity risks. The potential for dermal exposure needs adequate
protection for personnel involved in manufacturing (88, 89).

In summary, the scale-up and manufacturing of NHPs present
various regulatory challenges that require strict process management
and a commitment to safety practices to ensure the consistent delivery
of safe and efficacious nanomedicines. The implementation of a QbD
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approach is essential to navigate the complexities of these products
and to enhance the probability of regulatory success.

5 Conclusion

In conclusion, the evolving regulatory landscape for NHPs across
the EU and the US—and increasingly in emerging markets such as
China and Japan—continues to face persistent hurdles. These include
the absence of harmonized definitions, complex physicochemical
characterization requirements, and intricacies in evaluating
nanotoxicity. Existing frameworks often extend from established
pharmaceutical or medical device regulations, contributing to
prolonged approval timelines and restricted patient access.

A prominent challenge lies in how follow-on nanomedicines
(nanosimilars) navigate existing approval pathways. In the EU, “hybrid”
applications balance varying degrees of preclinical and clinical data, yet
the absence of nanotechnology-specific guidelines often complicates
or prolongs these submissions. Meanwhile, in the US, the ANDA
pathway does not seamlessly address nanosimilars, creating
uncertainties around equivalence criteria and, in turn, timeline
predictability. These gaps underscore the need for clear regulatory
guidance on equivalence standards for complex nanostructures.

Nevertheless, several initiatives at national and international levels
are streamlining nanoparticle characterization and safety assessment.
For instance, programs such as the ‘Assay Cascade Protocols’ (65) and
the Nanotechnology Characterisation Laboratory (NCI-NCL in the
USA and EU-NCL in Europe) provide structured approaches for
evaluating nanoscale materials used in health products. These
endeavors reduce uncertainties by promoting uniform data reporting
and robust methodologies, thereby fostering global collaboration and
more predictable pathways for NHP authorization.

Additionally, emerging thematic areas are shaping the future of
nanomedicine regulation. Artificial Intelligence (AI) is now
recognized as a powerful tool to expedite NHP characterization and
toxicity assessment. AI-driven algorithms can process large volumes
of nanotoxicology data to identify critical parameters—such as size,
shape, and surface charge—that influence safety and efficacy. These
insights can facilitate “safer-by-design” principles, ultimately
accelerating product development while minimizing the need for
extensive animal testing. However, Al-based findings often lack
transparency from a regulatory standpoint, necessitating improved
model interpretability for healthcare applications. Recent advances
in causal and graph neural networks show promise in elucidating
cause-effect relationships, thereby enhancing the reliability and
acceptance of Al-supported decision-making in nanomedicine (90).

Environmental considerations associated with NHP development
are also gaining momentum. Pharmaceutical residues have been
detected in different ecological compartments (86, 91), and the
hazards posed by nanomanufacturing by-products cannot
be overlooked (88). Green nanotechnology presents an opportunity
to minimise these risks (92, 93). Regulatory bodies, including the
Agency (EEA),
environmental risk assessments for new medicinal products (98).

European Environment already mandate
Likewise, requirements for safe disposal of devices and waste are
embedded in regulations for medical devices. In practical terms,
NHPs are commonly manufactured using either top-down methods—
fragmenting larger materials into nanoscale structures, which tends
to generate more waste (94, 95)—or bottom-up processes that
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assemble nanoparticles from atomic or molecular species (95). The
bottom-up approach can also incorporate biological reactions (96, 97),
thus aligning with ‘green nanomanufacturing’ principles such as
reduced toxicity, biodegradability, and energy efficiency [(CHMP),
2006]. Incorporating nanomanufacturing criteria into a classification
system would enable stakeholders to quickly identify products whose
environmental impact needs special attention, guiding both the
development cycle and regulatory scrutiny.

Altogether, efforts to modernise regulatory frameworks and
encourage standardized testing, coupled with the emergence of AI-driven
methodologies and the shift toward greener nanomanufacturing, signal
a promising future for nanomedicine. Yet further collaboration—across
scientific, governmental, and industrial spheres—is essential to fully
harness these opportunities. By advancing sustainable production
methods, refining safety assessment with Al, and harmonizing data
requirements internationally, the global community can better balance
innovation with public health, ultimately ensuring that nanotechnology-
enabled health products reach patients both safely and efficiently.

Author contributions

FR-G: Conceptualization, Data curation, Formal analysis,
Investigation, Project administration, Visualization, Writing - original
draft. DM: Conceptualization, Funding acquisition, Project
administration, Supervision, Validation, Writing - review & editing.
OP: Conceptualization, Funding acquisition, Project administration,
Supervision, Validation, Writing - review & editing. PR-G:
Conceptualization, Funding acquisition, Project administration,
Supervision, Validation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the Industrial Doctorates Plan of the Department of
Research and Universities of the Generalitat de Catalunya (Grant n°
202015). PRG acknowledges the Ministry of Science, Innovation and
Universities ~ (MICINN-AEI) (AEI-PID2022-140423NB-100/
AEI/10.13039/501100011033, CNS2023 - 143700) and the AGAUR
(2021 SGR 00175 and 2021 PROD 00041) for financial support.

Conflict of interest

FRG, OP, and DM were employed by company Asphalion SL.

The remaining author declares that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Generative Al statement

The authors declare that no Generative AI was used in the creation
of this manuscript.

frontiersin.org


https://doi.org/10.3389/fmed.2025.1544393
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Rodriguez-Gémez et al.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Sindhwani S, Chan WCW. Nanotechnology for modern medicine: next step
towards clinical translation. J Intern Med. (2021) 290:486-98. doi: 10.1111/joim.13254

2. Xiao C, Mir-Simén B, Rivera-Gil P. Controlled nano-agglomerates as stabile
Sers reporters for unequivocal labelling. Sci Rep. (2022) 12:8977. doi:
10.1038/541598-022-12989-6

3. Mekuye B, Abera B. Nanomaterials: An overview of synthesis, classification,
characterization, and applications. Naro Select. (2023) 4:486-501. doi: 10.1002/nano.202300038

4. Buzea C, Pacheco I, Robbie K. Nanomaterials and nanoparticles: sources and
toxicity. Biointerphases. (2007) 2:Mr17-71. doi: 10.1116/1.2815690

5. Agrawal DC. Introduction to nanoscience and nanomaterials. MRS Bull. (2014)
39:909-9. doi: 10.1142/8433

6. Joudeh N, Linke D. Nanoparticle classification, physicochemical properties,
characterization, and applications: a comprehensive review for biologists. J
Nanobiotechnol. (2022) 20:262. doi: 10.1186/s12951-022-01477-8

7. Peteiro-Cartelle ], Rodriguez-Pedreira M, Zhang E, Gil PR, Del Mercato LL, Parak
WIJ. One example on how colloidal nano- and microparticles could contribute to
medicine. Nanomedicine. (2009) 4:967-79. doi: 10.2217/nnm.09.84

8. Rivera Gil P, Hithn D, Del Mercato LL, Sasse D, Parak WJ. Nanopharmacy:
inorganic nanoscale devices as vectors and active compounds. Pharmacol Res. (2010)
62:115-25. doi: 10.1016/j.phrs.2010.01.009

9. Hu J, Romero Abujetas D, Tsoutsi D, Leggio L, Rivero F, Martin Rodriguez E, et al.
Invited article: experimental evaluation of gold nanoparticles as infrared scatterers for
advanced cardiovascular optical imaging. Apl Photonics. (2018) 3. doi: 10.1063/1.5027907

10. Lechuga LM. Nanomedicina: aplicacién de la nanotecnologia en la salud. Grupo.
(2011) 5:98-112.

11. Mufioz-Ortiz T, Hu J, Ortgies DH, Shrikhande S, Zamora-Perez P, Granado M,
et al. Molecular imaging of infarcted heart by biofunctionalized gold Nanoshells. Adv
Healthc Mater. (2021) 10:2002186. doi: 10.1002/adhm.202002186

12.Xiao C, Izquierdo-Roca V, Rivera-Gil P. Real time and spatiotemporal
quantification of pH and H202 imbalances with a multiplex surface-enhanced Raman
spectroscopy Nanosensor. Acs Materials Au. (2023) 3:164-75. doi: 10.1021/
acsmaterialsau.2c00069

13. Zamora-Perez P, Xiao C, Sanles-Sobrido M, Rovira-Esteva M, Conesa JJ, Mulens-
Arias V, et al. Multiphoton imaging of melanoma 3D models with plasmonic
nanocapsules. Acta Biomater. (2022) 142:308-19. doi: 10.1016/j.actbio.2022.01.052

14. Cgpm. (1960). 11th Conférence Générale des Poids et Mesures (Cgpm). Paris.
Available  at:  https://www.bipm.org/documents/20126/17314988/Cgpm11.pdf/
c626e1d6-4320-56d3-db37-c6f2a343483b?version=1.2&t=1587105011609&download
=true#page=87 (Accessed March 11, 2024)

15. Feynman R. (1959). There's Plenty of Room at the Bottom. Available at: https://
calteches.library.caltech.edu/1976/1/1960Bottom.pdf (Accessed March 11, 2024)

16. Bayda S, Adeel M, Tuccinardi T, Cordani M, Rizzolio E. The history of nanoscience
and nanotechnology: from chemical-physical applications to nanomedicine. Molecules.
(2019) 25:112. doi: 10.3390/molecules25010112

17. Krukemeyer M, Veit K, Huebner E. History and possible uses of nanomedicine
based on nanoparticles and Nanotechnological Progress. . Nanomed. Nanotechnol.
(2015) 6:1-7. doi: 10.4172/2157-7439.1000336

18. Villanueva-Flores F, Castro-Lugo A, Ramirez OT, Palomares LA. Understanding
cellular interactions with nanomaterials: towards a rational design of medical
nanodevices. Nanotechnology. (2020) 31:132002. doi: 10.1088/1361-6528/ab5bc8

19. Puri S, Mazza M, Roy G, England RM, Zhou L, Nourian S, et al. Evolution of
nanomedicine formulations for targeted delivery and controlled release. Adv Drug Deliv
Rev. (2023) 200:114962. doi: 10.1016/j.addr.2023.114962

20. Salvioni L, Rizzuto MA, Bertolini JA, Pandolfi L, Colombo M, Prosperi D. Thirty
years of Cancer nanomedicine: success, frustration, and Hope. Cancers (Basel). (2019)
11:1855. doi: 10.3390/cancers11121855

21. Statnano (2024). Nanotechnology Products Database (Npd). Available: https://
product.statnano.com/ (Accessed March 11, 2024)

22. Fornaguera C, Garcia-Celma M]J. Personalized nanomedicine: a revolution at the
nanoscale. ] Pers Med. (2017) 7:12. doi: 10.3390/jpm7040012

23. Rivera Gil P, Parak WJ. Composite nanoparticles take aim at Cancer. ACS Nano.
(2008) 2:2200-5. doi: 10.1021/nn800716j

Frontiers in Medicine

10.3389/fmed.2025.1544393

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

24. Alghamdi MA, Fallica AN, Virzi N, Kesharwani P, Pittala V, Greish K. The promise
of nanotechnology in personalized medicine. J Pers Med. (2022) 12:673. doi:
10.3390/jpm12050673

25. Malik S, Muhammad K, Waheed Y. Nanotechnology: a revolution in modern
industry. Molecules. (2023) 28:661. doi: 10.3390/molecules28020661

26. An W, Defaus S, Andreu D, Rivera-Gil P. In vivo sustained release of peptide
vaccine mediated by dendritic mesoporous silica Nanocarriers. Front Immunol. (2021)
12:684612. doi: 10.3389/fimmu.2021.684612

27. Contera S, Bernardino De La Serna J, Tetley TD. Biotechnology, nanotechnology
and medicine. Emerg Top Life Sci. (2020) 4:551-4. doi: 10.1042/ETLS20200350

28.Bosetti R, Jones SL. Cost-effectiveness of nanomedicine: estimating the real
size of nano-costs. Nanomedicine (Lond). (2019) 14:1367-70. doi: 10.2217/
nnm-2019-0130

29. Mdcg 2022-5. (2022). Mdcg 2022-5: Guidance on borderline between medical
devices and medicinal products under regulation (Eu) 2017/745 on medical devices.
Brussels, Belgium. Available at: https://health.ec.europa.eu/document/download/
b5a27717-229f-4d7a-97b1-e1c7d819e579_en?filename=mdcg_2022-5_en.pdf (Accessed
April 30, 2022)

30. Lezotre PL. International cooperation, convergence, and harmonization of
pharmaceutical regulations: a global perspective. A Global Perspect. (2013) 1-349. doi:
10.1016/C2013-0-12774-2

31. Directive 2001/83/Ec. Directive 2001/83/Ec of the European Parliament and of the
council of 6 November 2001 on the community code relating to medicinal products for
human use. Brussels, Belgium: European Commission (Ec) (2001).

32. Gaspar RS, Silva-Lima B, Magro F, Alcobia A, Da Costa FL, Feio J. Non-biological
complex drugs (Nbcds): complex Pharmaceuticals in Need of individual robust clinical
assessment before any therapeutic equivalence decision. Front Med (Lausanne). (2020)
7:590527. doi: 10.3389/fmed.2020.590527

33. Klein K, Stolk P, De Bruin ML, Leufkens HGM, Crommelin DJA, De Vlieger JSB.
The Eu regulatory landscape of non-biological complex drugs (Nbcds) follow-on
products: observations and recommendations. Eur ] Pharm Sci. (2019) 133:228-35. doi:
10.1016/j.ejps.2019.03.029

34.ICH M4 (2016). Organisation of the Common Technical Document for the
Registration of Pharmaceuticals for Human Use. Available at: https://database.ich.org/
sites/default/files/M4_R4__Guideline.pdf (Accessed February 22, 2017)

35.2023/0131(Cod). Proposal for a regulation of the European Parliament and of the
council laying down union procedures for the authorisation and supervision of
medicinal products for human use and establishing rules governing the European
medicines Agency, amending regulation (Ec) no 1394/2007 and regulation (Eu) no
536/2014 and repealing regulation (Ec) no 726/2004, regulation (Ec) no 141/2000 and
regulation (Ec) no 1901/2006. Brussels, Belgium: European Commission (Ec) (2023).

36. Cfr. Code of Federal Regulations - title 21 - food and drugs. Federal Register,
Washington, Dc: Federal Register (1996).

37. Hertig JB, Shah VP, Flihmann B, Mithlebach S, Stemer G, Surugue J, et al. Tackling
the challenges of nanomedicines: are we ready? Am ] Health Syst Pharm. (2021)
78:1047-56. doi: 10.1093/ajhp/zxab048

38.Iso/Tr 10993-22:2017. (2017). Biological evaluation of medical devices part 22:
Guidance on nanomaterials

39. Regulation (Eu) 2017/745. Regulation (Eu) 2017/745 of the European Parliament and
of the council of 5 April 2017 on medical devices, amending directive 2001/83/Ec, regulation
(Ec) no 178/2002 and regulation (Ec) no 1223/2009 and repealing council directives 90/385/
Eec and 93/42/Eec. Brussels, Belgium: European Commission (Ec). (2017).

40. European Commission. Guidance on the determination of potential health effects
of nanomaterials used in medical devices. Directorate-General for Health and
Consumers: European Commission (2015).

41. Jones AD3rd, Mi G, Webster TJ. A status report on Fda approval of medical devices
containing nanostructured materials. Trends Biotechnol. (2019) 37:117-20. doi:
10.1016/j.tibtech.2018.06.003

42. Hofer MP, Jakobsson C, Zafiropoulos N, Vamvakas S, Vetter T, Regnstrom J, et al.
Impact of scientific advice from the European medicines Agency. Nat Rev Drug Discov.
(2015) 14:302-3. doi: 10.1038/nrd4621

43.Vass P, Akdag DS, Broholm GE, Kjaer ], Humphreys AJ, Ehmann F. Enabling
technologies driving drug research and development. Front Med. (2023) 10:1122405.
doi: 10.3389/fmed.2023.1122405

frontiersin.org


https://doi.org/10.3389/fmed.2025.1544393
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1111/joim.13254
https://doi.org/10.1038/s41598-022-12989-6
https://doi.org/10.1002/nano.202300038
https://doi.org/10.1116/1.2815690
https://doi.org/10.1142/8433
https://doi.org/10.1186/s12951-022-01477-8
https://doi.org/10.2217/nnm.09.84
https://doi.org/10.1016/j.phrs.2010.01.009
https://doi.org/10.1063/1.5027907
https://doi.org/10.1002/adhm.202002186
https://doi.org/10.1021/acsmaterialsau.2c00069
https://doi.org/10.1021/acsmaterialsau.2c00069
https://doi.org/10.1016/j.actbio.2022.01.052
https://www.bipm.org/documents/20126/17314988/Cgpm11.pdf/c626e1d6-4320-56d3-db37-c6f2a343483b?version=1.2&t=1587105011609&download=true#page=87
https://www.bipm.org/documents/20126/17314988/Cgpm11.pdf/c626e1d6-4320-56d3-db37-c6f2a343483b?version=1.2&t=1587105011609&download=true#page=87
https://www.bipm.org/documents/20126/17314988/Cgpm11.pdf/c626e1d6-4320-56d3-db37-c6f2a343483b?version=1.2&t=1587105011609&download=true#page=87
https://calteches.library.caltech.edu/1976/1/1960Bottom.pdf
https://calteches.library.caltech.edu/1976/1/1960Bottom.pdf
https://doi.org/10.3390/molecules25010112
https://doi.org/10.4172/2157-7439.1000336
https://doi.org/10.1088/1361-6528/ab5bc8
https://doi.org/10.1016/j.addr.2023.114962
https://doi.org/10.3390/cancers11121855
https://product.statnano.com/
https://product.statnano.com/
https://doi.org/10.3390/jpm7040012
https://doi.org/10.1021/nn800716j
https://doi.org/10.3390/jpm12050673
https://doi.org/10.3390/molecules28020661
https://doi.org/10.3389/fimmu.2021.684612
https://doi.org/10.1042/ETLS20200350
https://doi.org/10.2217/nnm-2019-0130
https://doi.org/10.2217/nnm-2019-0130
https://health.ec.europa.eu/document/download/b5a27717-229f-4d7a-97b1-e1c7d819e579_en?filename=mdcg_2022-5_en.pdf
https://health.ec.europa.eu/document/download/b5a27717-229f-4d7a-97b1-e1c7d819e579_en?filename=mdcg_2022-5_en.pdf
https://doi.org/10.1016/C2013-0-12774-2
https://doi.org/10.3389/fmed.2020.590527
https://doi.org/10.1016/j.ejps.2019.03.029
https://database.ich.org/sites/default/files/M4_R4__Guideline.pdf
https://database.ich.org/sites/default/files/M4_R4__Guideline.pdf
https://doi.org/10.1093/ajhp/zxab048
https://doi.org/10.1016/j.tibtech.2018.06.003
https://doi.org/10.1038/nrd4621
https://doi.org/10.3389/fmed.2023.1122405

Rodriguez-Gémez et al.

44.Fda. Formal meetings between the Fda and sponsors or applicants of Pdufa
products - draft guidance for industry. Maryland, USA: Food and Drug Administration
(Fda) (2023).

45. Fda. Special protocol assessment - guidance for industry. Maryland, USA: Food
and Drug Administration (Fda) (2018).

46. Collins Dictionary. (2024). State-of-the-art. Available at: https://www.
collinsdictionary.com/dictionary/english/state-of-the-art (Accessed 25 March 2024)

47. Wipo (2022). Guide to the International Patent Classification. Available at: https://
www.wipo.int/edocs/pubdocs/en/wipo-guide-ipc-2022-en-guide-to-the-international-
patent-classification-2022.pdf (Accessed March 25, 2024)

48.Tso/Tec Guide 63:2019. (2019). Guide to the development and inclusion of aspects
of safety in international standards for medical devices

49. Mdcg 2021-5. (2021). Guidance on standardisation for medical devices. Brussels,
Belgium. Available at: https://health.ec.europa.eu/document/download/59ac4cb0-
f187-4ca2-814d-82c42cde5408_en (Accessed May 02, 2021)

50. Teixeira T, Kweder SL, Saint—Raymond A. Are the European medicines Agency, us
Food and Drug Administration, and other international regulators talking to each other?
Clin Pharmacol Ther. (2020) 107:507-13. doi: 10.1002/cpt.1617

51. Oualikene-Gonin W, Sautou V, Ezan E, Bastos H, Bellissant E, Belgodére L, et al.
Regulatory assessment of nano-enabled health products in public health interest. Position of
the scientific advisory board of the French National Agency for the safety of medicines and
health products. Front Public Health. (2023) 11:1125577. doi: 10.3389/fpubh.2023.1125577

52.Iso/Tr 13014:2012. Nanotechnologies In: Guidance on physico-chemical
characterization of engineered nanoscale materials for toxicologic assessment (2012)

53. Allan JFA, Grande S, Giannantonio R, Matteucci F. Technology transfer in
nanotechnology, EUR 29686 EN. Luxembourg: Publications Office of the European
Union (2019).

54. Coty JB, Vauthier C. Characterization of nanomedicines: a reflection on a field
under construction needed for clinical translation success. | Control Release. (2018)
275:254-68. doi: 10.1016/j.jconrel.2018.02.013

55. Landesman-Milo D, Peer D. Transforming nanomedicines from lab scale
production to novel clinical modality. Bioconjug Chem. (2016) 27:855-62. doi:
10.1021/acs.bioconjchem.5b00607

56. Pordevi¢ S, Gonzalez MM, Conejos-Sanchez I, Carreira B, Pozzi S, Actircio RC,
et al. Current hurdles to the translation of nanomedicines from bench to the clinic. Drug
Deliv Transl Res. (2022) 12:500-25. doi: 10.1007/s13346-021-01024-2

57.Foulkes R, Man E, Thind ], Yeung S, Joy A, Hoskins C. The regulation of
nanomaterials and nanomedicines for clinical application: current and future
perspectives. Biomater Sci. (2020) 8:4653-4664. doi: 10.1039/d0bm00558d

58. Ramos TI, Villacis- Aguirre CA, Lopez-Aguilar KV, Santiago Padilla L, Altamirano
C, Toledo JR, et al. The Hitchhiker's guide to human therapeutic nanoparticle
development. Pharmaceutics. (2022) 14:247. doi: 10.3390/pharmaceutics14020247

59. European Commission. Commission recommendation of 10.6.2022 on the
definition of nanomaterial. Brussels, Belgium: European Commission (Ec) (2022).

60. Fda. Guidance for industry In: Considering whether an Fda-regulted product
involves the application of nanotechnology. U.S.: Department of Health and Human
Service. Food and Drug Administration. Office of the Commissioner (2014)

61. Allan ], Belz S, Hoeveler A, Hugas M, Okuda H, Patri A, et al. Regulatory landscape
of nanotechnology and nanoplastics from a global perspective. Regul Toxicol Pharmacol.
(2021) 122:104885. doi: 10.1016/j.yrtph.2021.104885

62. Miernicki M, Hofmann T, Eisenberger I, Von Der Kammer F, Praetorius A. Legal
and practical challenges in classifying nanomaterials according to regulatory definitions.
Nat Nanotechnol. (2019) 14:208-16. doi: 10.1038/s41565-019-0396-z

63. Gioria S, Caputo F, Urban P, Maguire CM, Bremer-Hoffmann S, Prina-Mello A,
et al. Are existing standard methods suitable for the evaluation of nanomedicines:
some case studies. Nanomedicine (Lond). (2018) 13:539-54. doi: 10.2217/
nnm-2017-0338

64. Ali E, Neha K, Parveen S. Current regulatory landscape of nanomaterials and
nanomedicines: a global perspective. ] Drug Delivery Sci Technol. (2023) 80:104118. doi:
10.1016/j.jddst.2022.104118

65. Nih. (2024). Assay Cascade characterization program. National Cancer Institute.
Available at: https://www.cancer.gov/nano/research/ncl/assay-cascade (Accessed April
10, 2024)

66. Caputo F, Clogston J, Calzolai L, Rosslein M, Prina-Mello A. Measuring particle
size distribution of nanoparticle enabled medicinal products, the joint view of Euncl
and Nci-Ncl. A step by step approach combining orthogonal measurements with
increasing complexity. J Control Release. (2019) 299:31-43. doi: 10.1016/j.
jconrel.2019.02.030

67. Ema. (2014). Quality aspects of Nano-based medicines. London, UK. Available at:
https://www.ema.europa.eu/en/documents/presentation/presentation-quality-aspects-
nano-based-medicines-dolores-hernan-pacrez-de-la-ossa_en.pdf (Accessed April
11,2024)

68. Hithn D, Kantner K, Geidel C, Brandholt S, De Cock I, Soenen SJH, et al. Polymer-
coated nanoparticles interacting with proteins and cells: focusing on the sign of the net
charge. ACS Nano. (2013) 7:3253-63. doi: 10.1021/nn3059295

Frontiers in Medicine

17

10.3389/fmed.2025.1544393

69. Rivera-Gil P, Jimenez De Aberasturi D, Wulf V, Pelaz B, Del Pino P, Zhao Y, et al.
The challenge to relate the physicochemical properties of colloidal nanoparticles to their
cytotoxicity. Acc Chem Res. (2013) 46:743-9. doi: 10.1021/ar300039j

70. Rivera Gil P, Oberdérster G, Elder A, Puntes V, Parak WJ. Correlating Physico-
chemical with toxicological properties of nanoparticles: the present and the future. ACS
Nano. (2010) 4:5527-31. doi: 10.1021/nn1025687

71. Zamora-Perez P, Pelaz B, Tsoutsi D, Soliman MG, Parak WJ, Rivera-Gil P.
Hyperspectral-enhanced dark field analysis of individual and collective photo-
responsive gold—copper sulfide nanoparticles. Nanoscale. (2021) 13:13256-72. doi:
10.1039/DONR08256B

72. Zamora-Perez P, Tsoutsi D, Xu R, Rivera Gil P. Hyperspectral-enhanced dark field
microscopy for single and collective nanoparticle characterization in biological
environments. Materials (Basel). (2018) 11. doi: 10.3390/ma11020243

73. Soenen §J, Rivera-Gil P, Montenegro J-M, Parak W], De Smedt SC, Braeckmans
K. Cellular toxicity of inorganic nanoparticles: common aspects and guidelines for
improved nanotoxicity evaluation. Nano Today. (2011) 6:446-65. doi: 10.1016/j.nantod.
2011.08.001

74.Egbuna C, Parmar VK, Jeevanandam J, Ezzat SM, Patrick-Iwuanyanwu KC,
Adetunji CO, et al. Toxicity of nanoparticles in biomedical application: Nanotoxicology.
J Toxicol. (2021) 2021:9954443. doi: 10.1155/2021/9954443

75. Desai N. Challenges in development of nanoparticle-based therapeutics. AAPS J.
(2012) 14:282-95. doi: 10.1208/512248-012-9339-4

76. Farouk F, Shamma R. Chemical structure modifications and nano-technology
applications for improving Adme-Tox properties, a review. Arch Pharm (Weinheim).
(2019) 352:€1800213. doi: 10.1002/ardp.201800213

77. Miihlebach S. Regulatory challenges of nanomedicines and their follow-on
versions: a generic or similar approach? Adv Drug Deliv Rev. (2018) 131:122-31. doi:
10.1016/j.addr.2018.06.024

78. European Commission. The appropriateness of existing methodologies to assess
the potential risks associated with engineered and adventitious products of
nanotechnologies. Brussels, Belgium: Scientific committee on emerging and newly
identified health risks (Scenihr) (2006).

79. Agrahari V, Agrahari V. Facilitating the translation of nanomedicines to a clinical
product: challenges and opportunities. Drug Discov Today. (2018) 23:974-91. doi:
10.1016/j.drudis.2018.01.047

80.Rawal M, Singh A, Amiji MM. Quality-by-design concepts to improve
nanotechnology-based drug development. Pharm Res. (2019) 36:153. doi:
10.1007/s11095-019-2692-6

81. Tsoutsi D, Sanles-Sobrido M, Cabot A, Gil PR. Common aspects influencing the
translocation of Sers to biomedicine. Curr Med Chem. (2018) 25:4638-52. doi:
10.2174/0929867325666180105101841

82. Wu LP, Wang D, Li Z. Grand challenges in nanomedicine. Mater Sci Eng C Mater
Biol Appl. (2020) 106:110302. doi: 10.1016/j.msec.2019.110302

83. Cabrera I, Abasolo I, Corchero JL, Elizondo E, Gil PR, Moreno E, et al. a-Galactosidase-a
loaded-Nanoliposomes with enhanced enzymatic activity and intracellular penetration. Ady
Healthc Mater. (2016) 5:829-40. doi: 10.1002/adhm.201500746

84. Fda. Liposome drug products In: Chemistry, manufacturing, and controls; human
pharmacokinetics and bioavailability; and labeling documentation. U.S.: Department of
Health and Human Service. Food and Drug Administration. Office of the
Commissioner (2018)

85. Bernal-Chavez SA, Del Prado-Audelo ML, Caballero-Floran IH, Giraldo-Gomez
DM, Figueroa-Gonzalez G, Reyes-Hernandez OD, et al. Insights into terminal
sterilization processes of nanoparticles for biomedical applications. Molecules. (2021)
26:2068. doi: 10.3390/molecules26072068

86. Simeonidis K, Martinez-Boubeta C, Zamora-Perez P, Rivera-Gil P, Kaprara E,
Kokkinos E, et al. Nanoparticles for heavy metal removal from drinking water In: N
Dasgupta, S Ranjan and E Lichtfouse, editors. Environmental nanotechnology, vol. 1.
Cham: Springer International Publishing (2018)

87. Simeonidis K, Martinez-Boubeta C, Zamora-Pérez P, Rivera-Gil P, Kaprara E,
Kokkinos E, et al. Implementing nanoparticles for competitive drinking water
purification. Environ Chem Lett. (2019) 17:705-19. doi: 10.1007/s10311-018-00821-5

88.Mahapatra I, Clark JRA, Dobson PJ, Owen R, Lynch I, Lead JR. Expert
perspectives on potential environmental risks from nanomedicines and adequacy
of the current guideline on environmental risk assessment. Environ Sci Nano.
(2018) 5:1873-89. doi: 10.1039/C8EN00053K

89. Ramos D, Almeida L. Overview of standards related to the occupational risk and
safety of nanotechnologies. Standards. (2022) 2:83-9. doi: 10.3390/standards2010007

90. Campagnolo L, Lacconi V, Filippi J, Martinelli E. Twenty years of in vitro

nanotoxicology: how Ai could make the difference. Front Toxicol. (2024) 6:1470439. doi:
10.3389/ft0x.2024.1470439

91. Mudgal S. D. T. A., Lockwood S, Salés K, Backhaus T, Halling Sorensen B (2013).
Study on the environmental risks of medicinal products, final report. Executive Agency
for Health and Consumers.

92. Gottardo S, Mech A, Drbohlavova ], Malyska A, Bewadt S, Riego Sintes J, et al.

Towards safe and sustainable innovation in nanotechnology: state-of-play for smart
nanomaterials. NanoImpact. (2021) 21:100297. doi: 10.1016/j.impact.2021.100297

frontiersin.org


https://doi.org/10.3389/fmed.2025.1544393
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.collinsdictionary.com/dictionary/english/state-of-the-art
https://www.collinsdictionary.com/dictionary/english/state-of-the-art
https://www.wipo.int/edocs/pubdocs/en/wipo-guide-ipc-2022-en-guide-to-the-international-patent-classification-2022.pdf
https://www.wipo.int/edocs/pubdocs/en/wipo-guide-ipc-2022-en-guide-to-the-international-patent-classification-2022.pdf
https://www.wipo.int/edocs/pubdocs/en/wipo-guide-ipc-2022-en-guide-to-the-international-patent-classification-2022.pdf
https://health.ec.europa.eu/document/download/59ac4cb0-f187-4ca2-814d-82c42cde5408_en
https://health.ec.europa.eu/document/download/59ac4cb0-f187-4ca2-814d-82c42cde5408_en
https://doi.org/10.1002/cpt.1617
https://doi.org/10.3389/fpubh.2023.1125577
https://doi.org/10.1016/j.jconrel.2018.02.013
https://doi.org/10.1021/acs.bioconjchem.5b00607
https://doi.org/10.1007/s13346-021-01024-2
https://doi.org/10.1039/d0bm00558d
https://doi.org/10.3390/pharmaceutics14020247
https://doi.org/10.1016/j.yrtph.2021.104885
https://doi.org/10.1038/s41565-019-0396-z
https://doi.org/10.2217/nnm-2017-0338
https://doi.org/10.2217/nnm-2017-0338
https://doi.org/10.1016/j.jddst.2022.104118
https://www.cancer.gov/nano/research/ncl/assay-cascade
https://doi.org/10.1016/j.jconrel.2019.02.030
https://doi.org/10.1016/j.jconrel.2019.02.030
https://www.ema.europa.eu/en/documents/presentation/presentation-quality-aspects-nano-based-medicines-dolores-hernan-pacrez-de-la-ossa_en.pdf
https://www.ema.europa.eu/en/documents/presentation/presentation-quality-aspects-nano-based-medicines-dolores-hernan-pacrez-de-la-ossa_en.pdf
https://doi.org/10.1021/nn3059295
https://doi.org/10.1021/ar300039j
https://doi.org/10.1021/nn1025687
https://doi.org/10.1039/D0NR08256B
https://doi.org/10.3390/ma11020243
https://doi.org/10.1016/j.nantod.2011.08.001
https://doi.org/10.1016/j.nantod.2011.08.001
https://doi.org/10.1155/2021/9954443
https://doi.org/10.1208/s12248-012-9339-4
https://doi.org/10.1002/ardp.201800213
https://doi.org/10.1016/j.addr.2018.06.024
https://doi.org/10.1016/j.drudis.2018.01.047
https://doi.org/10.1007/s11095-019-2692-6
https://doi.org/10.2174/0929867325666180105101841
https://doi.org/10.1016/j.msec.2019.110302
https://doi.org/10.1002/adhm.201500746
https://doi.org/10.3390/molecules26072068
https://doi.org/10.1007/s10311-018-00821-5
https://doi.org/10.1039/C8EN00053K
https://doi.org/10.3390/standards2010007
https://doi.org/10.3389/ftox.2024.1470439
https://doi.org/10.1016/j.impact.2021.100297

Rodriguez-Gémez et al.

93. Keshu R, Yadav M, Meenu J, Chaudhary S, Shanker U. An updated review on
synthetic approaches of green nanomaterials and their application for removal of water
pollutants: current challenges, assessment and future perspectives. ] Environ Chem Eng.
(2021) 9:106763. doi: 10.1016/j.jece.2021.106763

94. Falsini S, Bardi U, Abou-Hassan A, Ristori S. Sustainable strategies for large-scale
nanotechnology manufacturing in the biomedical field. Green Chem. (2018)
20:3897-907. doi: 10.1039/C8GC01248B

95. Luther W. Industrial application of nanomaterials — chances and risks. Future
Technol. (2004) 54

96. Ashraf S, Abbasi AZ, Pfeiffer C, Hussain SZ, Khalid ZM, Gil PR, et al. Protein-
mediated synthesis, pH-induced reversible agglomeration, toxicity and cellular
interaction of silver nanoparticles. Colloids Surf B: Biointerfaces. (2013) 102:511-8. doi:
10.1016/j.colsurfb.2012.09.032

Frontiers in Medicine

18

10.3389/fmed.2025.1544393

97.Sen M. (2020). Nanotechnology and the environment. IntechOpen.

98. Chmp C. E M. P. E H. U. (2006). Guideline on the environmental risk assessment
of medicinal products for human use. European Medicines Agency.

99. Domingues C, Santos A, Alvarez-Lorenzo C, Concheiro A, Jarak I, Veiga F, et al.
Where is Nano today and where is it headed? A review of nanomedicine and the
dilemma of Nanotoxicology. ACS Nano. (2022) 16:9994-10041. doi: 10.1021/acsnano.
2c00128

100. Halwani AA. Development of pharmaceutical nanomedicines: from the bench
to the market. Pharmaceutics. (2022) 14:106. doi: 10.3390/pharmaceutics14010106

101. Acebes-Fernandez V, Landeira-Vifiuela A, Juanes-Velasco P, Herndndez AP,
Otazo-Perez A, Manzano-Roman R, et al. Nanomedicine and onco—immunotherapy:
from the bench to bedside to biomarkers. Nanomaterials. (2020) 10:1274.

frontiersin.org


https://doi.org/10.3389/fmed.2025.1544393
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.jece.2021.106763
https://doi.org/10.1039/C8GC01248B
https://doi.org/10.1016/j.colsurfb.2012.09.032
https://doi.org/10.1021/acsnano.2c00128
https://doi.org/10.1021/acsnano.2c00128
https://doi.org/10.3390/pharmaceutics14010106

	Regulatory pathways and guidelines for nanotechnology-enabled health products: a comparative review of EU and US frameworks
	1 Introduction
	1.1 Defining nanomedical technologies
	1.2 Evolutionary overview of NHPs
	1.3 Nanomedicine in practice

	2 NHP regulatory framework
	2.1 Global regulatory overview
	2.1.1 Regulatory approval of medicinal products
	2.1.1.1 EU
	2.1.1.2 United States
	2.1.2 Regulatory approval of medical devices
	2.1.2.1 EU
	2.1.2.2 United States
	2.2 Regulatory consultations procedures
	2.2.1 Medicinal products
	2.2.1.1 EU
	2.2.1.1.1 Scientific advice procedure with EMA
	2.2.1.1.2 ITF meeting
	2.2.1.1.3 SME briefing meeting
	2.2.1.1.4 Scientific advice with NCAs
	2.2.1.2 United States
	2.2.2 Medical devices
	2.2.2.1 EU
	2.2.2.2 United States

	3 Regulatory state of the art
	3.1 Regulatory state of the art for NHPs regulated as medicinal products
	3.2 Regulatory state of the art for NHPs regulated as medical devices

	4 Discussion: regulatory hurdles for NHPs
	4.1 Lack of harmonised definitions
	4.2 Physicochemical characterization
	4.3 Biocompatibility, nanotoxicity, pharmacokinetics and pharmacodynamics
	4.4 Scale-up and manufacturing of NHPs

	5 Conclusion

	References

