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The lack of specific regulatory guidelines for nanotechnology-enabled health 
products (NHPs) is hampering development and patient access to these innovative 
technologies. Namely, there is an urgent need for harmonized regulatory definitions 
and classification systems that allow establishing a standardized framework for 
NHPs regulatory assessment. In this work, a novel classification system for NHPs 
is proposed. This classification can be applied for sorting nano-based innovations 
and regulatory guidelines according to the type of NHPs they address. Said 
methodology combines scientific and regulatory principles and it is based on the 
following criteria: principal mode of action, chemical composition, medical purpose 
and nanomanufacturing approach. This classification system could serve as a useful 
tool to sensor the state of the art of NHPs which is particularly useful for regulators 
to support strategy development of regulatory guidelines. Additionally, this tool 
would also allow manufacturers of NHPs to align their development plans with their 
applicable guidelines and standards and thus fulfill regulators expectations.
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1. Introduction

Nanomedicine can be considered as the field where nanoscience interacts with life for the 
development of nanotechnology-enabled health products (NHPs) (1)1. This area has become 
one of the most promising disciplines of the 21st century. In fact, the market size of NHPs had 
an estimated value of 53 billion United States Dollars (USD) in 2009 and a predicted projection 
of approximately 334 billion USD by 2025 (around a 630% increase) (2).

Despite scientific and economic interests, there is still a considerable gap between the 
number of NHPs in research and development and those eventually reaching society. This 
becomes more evident when comparing the number of scientific publications or patents (NHPs 

1 ‘Nanotechnology-enabled health product’ is an overarching term for nanomedicines (health products 

including nanomaterials that are regulated as medicinal products) and nanomedical devices (health products 

including nanomaterials that are regulated as medical devices).
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at an early-medium stage of research and development) and the 
number of clinical studies with NHPs (NHPs reaching the latest stages 
of clinical development which may be closed to regulatory approval) 
with the number of approved NHPs.

Over the last 20 years, the number of scientific references in NHPs 
under search string <<nanomedicine OR “nanomedical device” OR 
(nano* AND health)>> in scientific literature repository Scopus has 
considerably increased up to a total of 83,826 results as of May 2023 
(Figure 1A). Most specifically, China, the United States of America 
(USA) and the European Economic Area (EEA) are positioned as the 
geographical regions in the top  20 with the highest number of 
publications worldwide (22,031, 18,424 and 15,736 respectively) 
(Figure 1B). With regards to patents, 36,864 results appear in the World 
Intellectual Property Organization (WIPO) patent repository under 
keyword ‘nano’ by using the following search string: <<EN_TI:(nano*) 
AND CPC2:(A61) AND DP:([01.01.2003 TO 31.05.2023])>> (results 

2 Cooperative Patent Classification (CPC) A61 applies for ‘medical or veterinary 

science; hygiene’.

including root ‘nano*’ in the title over the period between January 2003 
and May 2023 and that are listed under CPC code A61 applicable for 
medical or veterinary science, hygiene).

As for clinical studies, there are around 476 entries in the 
ClinicalTrials.gov database under the keyword ‘nano’ with <<study 
start date>> in the last 20 years. Additionally, NHPs currently 
placed on the market, meaning that have reached regulatory 
approval, have also been considered to have a complete picture of 
NHPs in different stages of health product lifecycle. This is such a 
complicated task since there is no official repository of all NHPs 
currently marketed globally. Notwithstanding, the Nanotechnology 
Product Database (NPD) has been taken into account. This 
directory is regarded as one of the most reliable tools for institutions 
and policymakers involved in the establishment of their country 
policies and national strategic plans (3). According to the NPD, 
there are 1,293 NHPs currently marketed with medical applications. 
When compared to the number of scientific publications, patents, 
the ratio of references versus approved NHPs is appreciably high 
(Figure 2). The difference between the number of NHPs early in 
development (scientific publications and patents) and which have 
reached regulatory approval (approved NHPs) is commonly 
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FIGURE 1

Analysis of literature search for nanonotechnology-enabled-healthcare-product-related manuscripts. (A) It shows the number of publications referring 
to NHPs has always followed an increasing trend over the last 20 years. (B) Regarding the top 20 countries with the highest number of scientific 
publications, EEA, China and the USA, are the regions with the highest number of publications in ascending order. Scopus database, literature search 
carried out in May 2023 by using search string ‘nanomedicine OR “nanomedical device” OR (nano* AND health)’.
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referred to as the valley of death (4–6). According to different 
authors, this scenario is caused due to methodological barriers for 
a better characterization and understanding of NHP performance. 
Additionally, while regulatory agencies have setup guidelines to 
support and smooth NHP translation from bench to bedside, the 
gap is still hardly overcome by NHPs manufacturers and 
developers (4, 7).

To mitigate this current situation, regulations and technological 
progress must advance in tandem to ensure derived innovations can 
be safely and effectively assessed by the corresponding regulatory 
authorities. Indeed, highly disruptive, and complex products, such 
as NHPs, need a clearer regulatory pathway to reach the patients. 
Notwithstanding, regulatory science3 faces important challenges to 
develop standards and guidelines applicable to nanotechnological 
breakthroughs to facilitate their translation into society (8, 9). Proof 
of this is the absence of harmonized regulatory definitions of key 
terms such as nanomaterials, nanotechnology, nanopharmaceutical, 
or nanomedicine and classification systems for NHPs, which is a 
relevant limitation for the interoperability of the different 
stakeholders (regulators, academic researchers, physicians, and the 
industry) (10, 11).

On the one hand, there are different definitions for the term 
‘nanomaterial’ depending on the applicable legislative framework 
or regulatory guidance. The size range 1–100 nm is broadly 
included in the definition of nanomaterial in the USA and EEA, 
namely provided by the United States Environmental Protection 

3 Regulatory science is defined by the EMA as ‘a range of scientific disciplines 

that are applied to the quality, safety and efficacy assessment of medicinal 

products and that inform regulatory decision-making throughout the lifecycle 

of a medicine. It encompasses basic and applied medicinal science and social 

sciences, and contributes to the development of regulatory standards and tools’.

Agency (US EPA), the Food and Drug Administration (FDA) 
guidance FDA-2017-D-0759 on products involving 
nanotechnology, the European Commission (EC) 
recommendation on nanomaterial definition (2022/C 229/01), 
International Organization for Standardization (ISO) standard 
ISO TS 80004–1 on nanotechnology definitions and regulations 
on novel food, cosmetics, chemical substances and on biocides. 
Despite this, there are different nuances regarding what is 
considered at the nanoscale. For example, no lower limit is 
specified by the US-EPA or the novel food regulation. 
Additionally, regarding FDA-2017-D-0759 guidance, the upper 
limit is flexible up to 1,000 nm. Finally, the EC recommendation 
2022/C 229/01, the chemical substances regulation and the 
biocides regulation limit the applicability of the nanomaterial 
definition to materials for which at least 50% of their particles 
are within the size range of 1–100 nm (12–19). Consequently, a 
material would be  nanomaterial or not depending on its 
regulatory qualification as well as depending on the geographical 
region, given that the corresponding applicable legislative 
framework considers the applicability of the nanomaterial 
concept slightly differently (Figure 3).

On the other hand, there are several classification systems for 
NHPs based on different criteria depending on the field of knowledge 
(20). Nonetheless, the regulatory field has no established classification 
system for NHPs (21). Consequently, it is ambiguous to NHPs 
developers, manufacturers and regulators deciding which regulatory 
guidelines are applicable to each NHPs. Thus, classifying both NHPs 
and regulatory guidance with a system based on criteria with a 
significant impact on the product regulatory development would allow 
facilitate product approval.

This work presents a novel classification system for NHPs with 
the aim of unlocking the development of NHP-specific harmonized 
regulatory guidelines that are useful for scientific and 
regulatory purposes.
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FIGURE 2

Valley of death in nanotechnology-enabled health products (NHPs) development. The number of nanotechnology-enabled health products (NHPs) at 
an early-medium stage of research and development is represented by the number of scientific publications and patents related to NHPs. Additionally, 
the number of clinical studies with NHPs is a marker of the number of applications reaching the latest stages of clinical development, close to 
regulatory approval. When comparing both markers with the number of NHPs currently in use, a valley of death can be noticed.
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2. Materials and methods

The following steps have been taken in the development of the 
proposed nanomaterials classification system: (i) defining key 
parameters, criteria, to consider, (ii) generating different NHP 
categories based on those parameters, and (iii) testing the proposed 
classification system against current developing and published 
regulatory guidelines.

2.1. Regulatory guideline compilation

Guidelines and other regulatory documents have been gathered 
in a regulatory database that includes references identified as of May 
2023 from the following sources:

 o Competent authorities:
 ▪ EMA:
 • https://www.ema.europa.eu/en/human-regulatory/

research-development/scientific-guidelines/
multidisciplinary/multidisciplinary-nanomedicines

 ▪ FDA:
 • https://www.fda.gov/science-research/nanotechnology-

programs-fda/nanotechnology-guidance-documents
 o EC:

 ▪ EU Science Hub: https://ec.europa.eu/jrc/en/research-
topic/nanotechnology

 ▪ Scientific Committee on emerging and newly identified 
health risks (SCENHIR):

 • https://ec.europa.eu/health/scientific_committees/
emerging

 o Organization for the Economic Co-operation and 
Development (OECD), Safety of manufactured nanomaterials:

 • https://www.oecd.org/science/nanosafety/
 o Standard emitting organizations:

 ▪ ISO, Technical committee ISO/TC 229 on Nanotechnologies: 
https://www.iso.org/committee/381983.html

 ▪ American Society for Testing and Materials (ASTM), Technical 
subcommittee E56.08 on Nano-enabled medical products:

 • https://www.astm.org/COMMIT/SUBCOMMIT/
E5608.htm

2.2. Data management

Databases have been generated with Excel macro-enabled 
workbook format (Microsoft Office Professional Plus 2019). Data 
processing and plotting was carried out by using dynamic tables.

3. Results and discussion

3.1. Classification criteria with scientific 
and regulatory implications

3.1.1. Tentative legislative framework
Quality, safety, performance and efficacy requirements 

applicable to a health product depend on the regulatory 
qualification of the product, i.e., its regulatory category 
(medicinal product or medical device or combinations thereof). 
Additionally, these requirements are detailed in the legislative 
framework applicable to each regulatory category. Therefore, the 
first aspects to consider for the proposed classification system are 
characteristics determining the qualification of a given NHP 
under the regulatory categories for products for medical 
purposes, namely medicinal product, or medical device (i.e., the 
tentatively applicable legislative framework).

The main aspects characterizing medicinal products and 
medical devices regulatory categories are:

 - The purpose of the technology, the product shall be intended to 
be used for one or more specific medical purposes in humans. 
This aspect is common for medicines and medical devices 
regulatory categories at the EEA and the USA.

 - The primary mode of action by which the technology achieves its 
medical purpose, i.e., whether the product exerts its principal action 
by pharmacological, immunological or metabolic means or not (1, 
22). If the product achieves the intended action by such means it is 
considered a medicinal product, if not, it is considered a medical 
device. In the latter case, medical devices achieve their intended 
purpose by primary mechanical or physical means (which in turn 
can be combined with an ancillary pharmacological action). Thus, 
this aspect is the differentiating characteristic between medicinal 
products and medical devices.

- EC Recommendation 2022/C 229/01
- ISO TS 80004-1
- Cosmetics - Regulation (EC) 1223/2009
- Chemicals - Regulation (EU) 2018/1881
- Biocides - Regulation (EU) 528/2012
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FIGURE 3

Materials classified as nanomaterials depending on the applicable legislative framework or regulatory guidance.
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For this reason, the primary mode of action is the first criterion 
in the proposed classification system, which addresses the following 
questions: does the product exert its primary mode of action based 
on pharmacological, immunological, or metabolic means? For the 
purposes of this classification system, the application of this 
criterion does not imply that the NHP have been classified as a 
medicinal product or a medical device as the stage of development 
of the assessed technologies might be too immature to perform a 
regulatory qualification.

3.1.2. Quality and safety of NHPs
Safety and overall benefit–risk- ratio assessment are important 

aspects for obtaining regulatory approval of all health product 
regulatory categories. In the case of NHPs, as well as for other 
technologies, risk assessment shall strongly rely on a thorough 
physicochemical characterization, which is, in turn, closely linked to 
the safety and performance of the product (4, 23–25). Additionally, 
physicochemical properties can impact the absorption, distribution, 
metabolism and elimination of NHPs in the human body. Therefore, 
it is considered essential to include physicochemical characterization 
as a criterion of the proposed classification system.

Due to nanomaterials’ great complexity, there is no harmonized 
‘list of physicochemical parameters’ to be  taken into account for 
defining a characterization plan of NHPs that meets regulators 
expectations (26–28). Currently, there are several expert groups 
(Table  1) working on how to better conduct nanomaterials’ 
physicochemical characterization. In this work, available specific 
regulatory guidelines addressing characterization of NHPs have been 
considered to define which physicochemical parameters would better 
suit as criterion for the proposed classification system (42).

Regarding medicinal products, numerous general and specific 
guidelines have been published by the EMA and the 
FDA. Furthermore, the European and American Pharmacopeias 
(Ph. Eur. and USP) include chapters and monographs with 

standardized methods for the assessment of quality parameters 
of medicinal products, which in most of the cases do not address 
specifically NHPs (7, 43). In the EEA, the EMA issued a series of 
four reflection papers on nanomedicines and nanosimilars to 
provide guidance to manufacturers during the development of 
specific products, namely liposomal formulations (44), block-
copolymer-micelles (45), iron-based nanocolloids (46) and 
coated nanomedicine products (47). Additionally, in the USA, the 
FDA published six guidelines related to the application of 
nanotechnology in different regulatory categories (e.g., novel 
food, drugs, or cosmetics). Most specifically, regarding medical 
product regulatory categories, a guidance on liposome drug 
products (48) and a general guidance on drug products 
containing nanomaterials (49) are available.

As to medical devices, developers and manufacturers shall 
demonstrate compliance with applicable quality requirements based 
on any of the following ways: following applicable technical standards 
or common specifications (where available), setting up own methods 
or referring to relevant published literature. In order to bring some 
light to this issue, EC published a guidance addressing specific 
parameters for the safety evaluation of nanomaterials used in medical 
devices (50). Furthermore, guidance on the physicochemical 
characterization of manufactured nano-objects is provided in the 
standard ISO/TR 13014:2012(E): Guidance on physico-chemical 
characterization of engineered nanoscale materials for toxicological 
assessment (51). This international technical report, although it is not 
specific to the medical device regulatory category, is considered not 
applicable for medicinal products.

Physicochemical characterization parameters addressed in the 
above-mentioned guidance documents have been listed in Table 2. 
Based on this table, it can be concluded that general physicochemical 
parameters defined in guidelines issued by EMA, EC and the FDA can 
be broadly mapped within the ISO/TR 13014:2012(E) In other words, 
ISO/TR 13014:2012(E) despite not being applicable for medicinal 

TABLE 1 Expert working groups on manufactured nanomaterials (non-exhaustive list).

Expert working groups in NHP Type of entity Reference

ASTM E56: Nanotechnology Standards issuing organization (USA) (29)

ISO/TC 229: Nanotechnologies Standards issuing organization (international) (30)

EU Nanotechnology Characterization Laboratory (EU-NCL) Testing laboratory (31)

National Cancer Institute (NCI) Nanotechnology Characterization Laboratory (NCL) Testing laboratory (32)

NCI Nanotechnology Working Group (Nano WG) Working group (USA) (33)

Working Party on Manufactured Nanomaterials (WPMN) Working group (international) (34)

Safe-N-Medtech EU funded project (European Commission) (21)

Refine Nanomed EU funded project (European Commission) (22)

European Technology Platform Nanomedicine (ETPN) Organization (Europe) (35)

Nanomedicines Working Group (NWG) of the International Pharmaceutical Regulators 

Programme (IPRP)
Working group (international) (36)

European Federation of Pharmaceutical Sciences (EUFEPS) Organization (Europe) (37)

Lygature Working group (international) (38)

European Foundation for Clinical Nanomedicine (CLINAM) Foundation (Europe) (39)

Global Coalition for Regulatory Science Research (GCRSR) Conference for discussion (international) (40)

EDQM’s Working Party on Non-Biological Complexes (NBC) Working group (international) (41)
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products, can be  considered as a reference standard on 
physicochemical parameters for NHP characterization.

Next, the suitability as classification criterion of each of the 
ISO/TR 13014:2012(E) parameters is discussed (Table 3). The 
first fundamental aspect that has been considered is whether the 
parameters are qualitative (such as the composition, or the shape) 
or quantitative (such as the particle size, or solubility). As a rule 
of thumb, nanomaterials, as dynamic systems, are mostly defined 
by continuous quantitative variables which reflect their erratic 
behavior depending on the media. Nonetheless, for the purposes 
of developing a classification system, it could be challenging to 
differentiate between different categories based on quantitative 
variables. For instance, there is much controversy regarding the 
various definitions of nanomaterial that depend on a threshold 
of size (quantitative variable). As recognized by the EC, there is 
no clear scientific justification for setting the size thresholds (14, 
60). Moreover, it is commonly acknowledged that many 
properties of materials are size-dependent and that the fixed 
threshold between 1–100 nm for nanomaterials was introduced 
for regulatory purposes, rather than for scientific reasons (61, 
62). There is no well-defined transition point at which a property 
or its value becomes characteristic for the nanoscale, and not all 
materials exhibit the same phenomena (63). Consequently, 
quantitative variables have been discarded as criteria of the 
proposed classification system.

As concluded from Table 3, the chemical composition of NHPs 
is selected as applicable criterion of the proposed classification 
system. This parameter is understood as the predominant chemical 
identity of the core of a nanoparticle, and it is therefore considered a 
qualitative variable. Furthermore, composition is described based on 
descriptive categories (i.e., chemical identities) expressed as a 
chemical formula, crystalline state, molecule structure-conformation 
(51). Consequently, this criterion will be addressing the following 
question: what is the chemical composition of the NHP? This question 
shall have a limited number of answers (previously referred to as 
categories). These accepted answers have been defined based on ISO/
TR 11360:2010: Nanotechnologies — Methodology for the classification 
and categorization of nanomaterials (64). This technical report 
describes five different categories for classifying nanomaterials by 
chemical identity (ceramic, metallic, semi-metallic, polymer [natural/
synthetic] and carbon based). Additionally, these categories can 
be  further clustered into three groups with similar biological 
behavior. This approximation is based on the Staudinger classification 
according to atomic binding of colloidal systems (wherein the 
dispersing phase is the nanomaterial [particles of 103 to 109 
atoms]) (59):

 - Dispersoid colloids: nanomaterials made up of inorganic elements 
(such as ceramic, metallic, or semi-metallic) which are dispersed 
in a solvent. They are thermodynamically unstable and lyophobic 
(hydrophobic colloids).

 - Molecular colloids: nanomaterials made up of all types of 
polymers (both natural and artificial) and that are dispersed in a 
solvent. They are thermodynamically stable and lyophilic.

 - Associated colloids: nanomaterials made up of amphipathic 
molecules (mainly carbon-based molecules) that self-assemble in 
the presence of a solvent and a tension-active surfactant. They are 
thermodynamically unstable and lyophilic.

3.1.3. Pre-clinical and clinical assessment
Another general requirement for the regulatory assessment of health 

products is the demonstration of the mode of action of the NHP and the 
evaluation of its efficacy based on in vitro, animal and/or human studies.

The regulatory strategy to address performance and efficacy of 
NHPs and the parameters to be assessed will depend on the medical 
use, including clinical indication and attributed benefits or claims. 
Therefore the next criterion considered for the proposed classification 
system is the broad medical use of the NHP. The question that this 
criterion would address is: what is the medical use of the NHP?

On the one hand, for medicinal products, the definitions given by 
the EMA and the FDA include products with diagnostic, preventive 
or treating actions. In addition, apart from the active pharmaceutical 
ingredients (APIs), medicinal products also include excipients which, 
by definition, are the constituents of the pharmaceutical form apart 
from the API that can modify the pharmacokinetic profile of the 
formulated active substance (65). On the other hand, the definition of 
medical device includes products that have diagnostic or therapeutic 
(including treatment, compensation, alleviation, prevention, and 
monitoring) actions.

Based on the different possible general uses (diagnosis, preventive, 
treatment, or galenic purposes), the following categories are proposed 
for this criterion: (i) pharmacological therapeutic action, (ii) 
pharmacological prophylactic action, (iii) non-pharmacological 
therapeutic (treating/prophylactic) action, (iv) diagnostic action 
(either in vitro or in vivo) and (v) technological or galenic action.

3.1.4. Sustainability of NHPs
Environmental pollution caused by pharmaceutical substances is 

an emerging environmental problem. In 2013, the BIO Intelligence 
Service (the European Environmental Agency) published a study on 
the risks of environmental effects of medicinal products. According to 
this study, residues of various types of health products have been 
detected in various environmental compartments, such as surface 
water, groundwater, soil, air and biota (66, 67). This environmental 
accumulation of pharmaceutical substances poses an environmental 
hazard that has been broadly recognized. Consequently, the hazards 
and risks posed by residues from NHP manufacturing 
(nanomanufacturing) cannot be underestimated (68). In this sense, 
green nanotechnology is an emerging field for the implementation of 
sustainable principles for the manufacture of NHPs (69, 70).

Bearing this in mind, regulatory measures have been put in place 
to control environmental risk during health products development 
and manufacturing. At EEA level, for medicinal products all new 
marketing authorization applications are required to undergo an 
environmental risk assessment following a tiered assessment 
procedure (71). In the case of medical devices, Regulation 2017/745 
and Regulation 2017/746 include a general requirement for safe 
disposal of the product and safe disposal of related waste substances 
by the users (72, 73).

Focusing on NHPs, there are mainly two approaches for the 
nanomanufacturing: top-down (nanomaterials are synthesized by 
breaking bulk materials into smaller pieces) and bottom-up 
(nanomaterials are synthesized from atomic or molecular species) 
(74). As a general rule, the top-down approach results in the 
production of more waste than the bottom-up (75). In fact, the 
bottom-up approach allows customization of the design of reactions 
and can be based on biological reactions for nanomanufacturing (like 
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TABLE 2 Mapping of physicochemical characterization parameters established by EMA nanomedicines guidelines in ISO/TR 13014:2012(E).

EMA/CHMP/
SWP/100094/2011 
(46)

EMA/
CHMP/806058/2009/
Rev. 02 (44)

EMA/
CHMP/13099/2013 
(45)

EMA/325027/2013 
(47)

FDA guidance – 
Liposome Drug 
Products (52)

FDA guidance 
– Drug products 
containing 
nanomaterials 
(49)

FDA 
publication 
(Zheng N., 
2017) (53)

ISO/TR 

13014:2012 (E): 

Guidance on 

physicochemical 

characterization 

of engineered 

nanoscale 

materials for 

toxicological 

assessment (32)

Particle size/

distribution

Particle size, size 

distribution.

Mean size and size distribution. Micelle size and distribution 

profile.

Complete characterization, 

including composition and 

control.

Particle size Average particle size, size 

distribution.

Mean size and size 

distribution.

Aggregation/

agglomeration 

state in 

relevant 

media

Not described. Aggregation. Not described. Not described. Aggregation and 

agglomeration or 

separation.

Oligomeric status.

Shape Morphology. Liposome morphology. Morphology.  - 

Liposome morphology.

 - Liposome structure

General shape and 

morphology.

Morphology and 

structure.

Surface/

specific 

surface area

Surface properties. Not described. Not described. Surface characteristic as 

applicable.

Surface area, ligands, 

hydrophobicity and 

roughness.

Surface properties.

Composition Structure and composition 

of carbohydrate matrix.

Not described. Chemical structure. Not described.  - Chemical composition.

 - Chemical stability

Not described.

Purity 

(including 

levels of 

impurities)

Impurities. Purity. Not described. Not described. Impurities. Impurities.

Surface 

chemistry

Surface properties. Not described. Not described. Not described. Surface chemical 

reactivity.

Surface properties.

Surface 

charge

Charge. Not described. Zeta potential. Net charge. Surface charge. Surface charge or 

Zeta potential.

Solubility Not described. Not described. Not described. Not described. Not described. Not described.

Dispersibility Not described. Not described. Not described. Not described. Not described. Not described.

Additional 

specific 

parameters*

 - Spectroscopic properties.

 - Polymorphic form of the 

iron comprising the core.

 - Ratio of bound 

carbohydrate to iron.

Fraction of encapsulated active 

substance.

 - Other surface properties 

(e.g., targeting ligand).

 - Drug loading.

 - Associated number.

 - Viscosity.

 - Physical state of the active 

substance.

Not described.  - Drug product viscosity 

and parameters of the 

contained drug.

 - In vitro release of the 

drug substance.

 - Liposome phase 

transition temperature.

 - Leakage rate of drug 

from the liposomes.

 - Structural attributes.

 - Coating properties.

 - Porosity.

 - In vitro release.

 - Coating properties.

 - Biodegradability

 - Sterility, endotoxin 

levels and pyrogenicity.

 - In vitro release.

 - Osmolarity.

 - 

Optical structure.

 - Molecular. 

weight 

distribution.

*Additional parameters laid down in EMA guidelines are specific for the NHP they are addressing, in these cases, either with coating or carrier actions. Parameters highlighted in green are deemed as already covered in ISO/TR 13014:2012(E).

https://doi.org/10.3389/fmed.2023.1212949
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Rodríguez-Gómez et al. 10.3389/fmed.2023.1212949

Frontiers in Medicine 08 frontiersin.org

TABLE 3 Tentative physicochemical parameters considered as criterion for the proposed classification system.

Physicochemical 
parameter

Definition Reason for being considered or excluded as 
classification criterion

Physical 

description

Particle size/

distribution

Length of one or several specific aspects of the 

particle geometry (54). Particle size 

distribution refers to the cumulative 

distribution of particle concentration as a 

function of particle size (51).

This parameter is considered a quantitative continuous variable and it has 

therefore been ruled out as a possible criterion for the proposed classification 

system.

Aggregation/

agglomeration state 

in relevant media

Number and distribution of aggregate/

agglomerate particles in comparison to the 

total number of primary particles (54).

This parameter is considered a quantitative continuous variable and it has 

therefore been ruled out as a possible criterion for the proposed classification 

system.

Shape

Description of the contour or outline surface of 

a nanomaterial, collection of nanomaterials, 

aggregates or agglomerates (51).

Different shapes can lead to different nanomaterials effects on cellular 

internationalization, differentiation, etc. However, the number of possible 

architectures is very large and new possibilities are being explored all the time 

(55, 56). Moreover, this aspect is also affected by the number of 

nanodimensions that a nanomaterial presents, and not all architectures are 

available for all types of dimensions. Thus, in order to create a classification 

system with ‘populable’ categories, it is interesting not to generate subdivisions 

that although highly specific would scarcely be regulatorily significant. For this 

reason, this criterion has been ruled as applicable for the proposed 

classification system.

Surface area/specific 

surface area

Surface area is the quantity of accessible 

surface of a nanomaterial when exposed to 

either a gaseous or liquid adsorbate phase. It is 

conventionally expressed as a mass specific 

surface area or as volume specific surface area 

where the total quantity of the area has been 

normalized either to the nanomaterial’s mass 

or volume, respectively (51).

This parameter is considered a quantitative continuous variable and it has 

therefore been ruled out as a possible criterion for the proposed classification 

system.

Chemical 

composition

Composition

Property given by the identity and content of 

each specific chemical component of a 

nanomaterial (can be expressed as a chemical 

formula) (51).

Chemical composition governs nanomaterial’s optical, magnetic, catalytic and 

toxicological characteristics (57, 58). Nanomaterials dispersed in a solvent, such 

as biological media, form colloidal systems. Depending on the chemical nature 

of the discontinuous phase, i.e., the nanomaterial, the colloidal system will 

exhibit a specific biological behavior (59). Thus, this physicochemical 

characterization parameter is selected as a parameter of interest to be applied as 

a criterion in the proposed classification system.

Purity
Level or concentration of unintended 

constituents (impurities) (54).

This parameter is considered a continuous variable and it has therefore been 

ruled out as a possible criterion for the proposed classification system.

Surface chemistry
Chemical nature, including composition, of the 

outermost layers of the nanomaterial (51).

It is possible in some cases that the molecules attached to the surface could 

be considered under ‘composition’ `parameter; however, the preference is to 

characterize surface chemistry separately (51). In turn, nanomaterials, as 

dynamic, erratic systems, may differ depending on the surrounding media. 

Consequently, surface chemistry not only depends on the characteristics of the 

NHP but also of the characteristics of the constituents present in the media 

where the NHP is dispersed (26). Consequently, this physicochemical 

characterization parameter has been ruled out as a possible criterion for the 

proposed classification system.

Extrinsic 

properties

Surface charge Electrical charge on a surface (51).
This parameter is considered a continuous variable and it has therefore been 

ruled out as a possible criterion for the proposed classification system.

Solubility

Maximum mass of a nanomaterial that is 

soluble in a given volume of a particular 

solvent under specified conditions (51).

This parameter is considered a continuous variable and it has therefore been 

ruled out as a possible criterion for the proposed classification system.

Dispersibility
Level of dispersion when it has become 

constant under the defined conditions (45).

This parameter is considered a continuous variable and it has therefore been 

ruled out as a possible criterion for the proposed classification system.
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microorganisms, enzymes, molecules), therefore following a green 
nanomanufacturing approximation (76, 77). Additionally, broadly 
speaking, green nanomanufacturing exhibits interesting properties 
such as nontoxic, cost-effective, biodegradable, energy-efficient, and 
enhanced-biocompatibility. For all these reasons, the use of green 
synthesized nanomaterials has considerably increased in the last 
4 years (70).

Consequently, it would be useful to include a criterion addressing 
the two main nanomanufacturing approaches within the proposed 
classification system. This criterion would allow identifying NHPs 
which, due to their nanomanufacturing approach, need a specific 
focus when assessing their environmental risk. The question this 
criterion addresses would be: what is the approach for the NHP 
nanomanufacturing? The possible answers to this question would 
be either a top-down or bottom-up approach.

3.2. Proposed classification system

3.2.1. Classification system structure
The classification system proposed includes a total of four 

classification criteria: principal mode of action, chemical composition 
of the core, medical purpose and nanomanufacturing approach 
(Table 4). Furthermore, the order in which these criteria have been 
organized in the system follows this rational:

 1. Targeting the qualification of the NHP based on its primary 
mode of action.

 2. Defining a battery of studies to meet the quality and 
safety requirements.

 3. Defining the strategy by which compliance with performance 
and/or efficacy requirements will be assessed.

 4. Including green nanotechnology and occupational 
risk considerations.

Figure 4 shows the structure of the classification system.
The scope of the proposed classification system is intended to 

include both NHPs, as well as the corresponding regulatory 
documents that address relevant aspects to be  considered during 
development for achieving regulatory approval of such products. 
Based on the latter, regulatory documents are classified in the 
compiled regulatory database according to the NHP they are 
referring to.

3.2.2. Coding system and signatures
The proposed classification uses a coding system to reference 

each of the possible NHP categories. As shown in Figure 4, each 
subdivision in the classification is associated with an alphanumeric 
code. For a given NHP, each of the classification criterion is applied 
and the corresponding code established. At the end of the process, 
a distinctive 4-digit signature, namely the classification signature, 
is obtained to identify the NHP medical product according to the 4 
criteria. For example, for a theoretical NHP with a 
non-pharmacological effect, whose core consists of silver 
nanoparticles, which has a diagnostic action in vivo and which is 
manufactured based on a bottom-up approach, the applicable 
signature would be 2.1.2.1 (Table 5A). Another practical example, 
for Doxil®, the first FDA-approved nanomedicine for which 
nanoliposomal drug carrier was used, applicable signature would 
be 2.3 s.3.1 (Table 5B) (29).

As indicated in the previous section, this classification system can 
also be applied for classifying regulatory documents, depending on 
their main scope or specific NHP category they relate to. In case a 
regulatory document does not meet one of the classification criteria, 

TABLE 4 Criteria of the proposed NHP classification system.

Criteria Question Subdivisions

Principal mode of action

Does the product exert its primary mode of action based 

on pharmacological, immunological or metabolic 

means?

 1. NHPs with a pharmacological, immunological or metabolic primary 

mode of action

 2. NHPs without a pharmacological, immunological or metabolic 

primary mode of action

Chemical composition of the core What is the chemical composition of the NHP?

 1. Dispersion colloids

 a. Ceramic

 b. Metallic

 c. Semi-metallic

 2. Molecular colloids

 a. Polymer (natural/synthetic molecular building block)

 3. Associated colloids

 a. Carbon-based (with or without self-assembling properties)

Medical purpose What kind of medical use does the NHP have?

Pharmacological:

 1. Pharmacological treating use

 2. Pharmacological prophylactic use

Non-pharmacological:

 1. Physico-mechanical therapeutic (treating/prophylactic)

 2. Diagnostic use

 3. Galenic use

Nanomanufacturing approach What is the approach for NHP nanomanufacturing?
 1. Bottom-up

 2. Top-down
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this can take the value “0” in the corresponding position of the 
signature. As examples:

 - EMA reflection paper on surface coating: general issues for 
consideration regarding parenteral administration of coated 
nanomedicine products (47). This reflection paper is addressing 
general issues to consider during the development of 
nanomedicines that include a covalent or non-covalent coating. 
Consequently, this document is focused on the nanocoating of 
nanomedicines that may have an impact in the product 
pharmacokinetics and bio-distribution. No information 
excluding or limiting the scope of this document per chemical 
composition or nanomanufacturing approach has been 
identified. Thus, the corresponding signature of this document 
would be 2.0.3.0, meaning:

 • 2.0.3.0

 • 2 – non-pharmacological principle mode of action

 • 0 – chemical composition not defined or not limited

 • 3 – galenic action

 • 0 – nanomanufacturing approach not defined or not limited

 - Joint MHLW/EMA reflection paper on the development of block 
copolymer micelle medicinal products (45). This reflection paper 
addresses basic information for the pharmaceutical development 

of block-copolymer micelle nanomedicines. Active substances 
are incorporated in polymeric micelles that modify their 
pharmacokinetics, stability, and distribution. Nanomanufacturing 
is based on chemical procedures, therefore based on a bottom-up 
approach. Consequently, the corresponding signature of this 
document would be 2.3.2.1, meaning:

 • 2.2.3.1

 • 2 – non-pharmacological principal mode of action

 • 2 – block-copolymer core composition

 • 3 – galenic action

 • 1 – nanomanufacturing based on a bottom-up approach

Finally, in the case of NHPs or regulatory documents that comply 
with more than one possibility for one criterion, the proposed system 
allows assigning two consecutive codes corresponding to the two 
applicable subdivisions. Theranostic agents are a common example 
of this situation. These are products with a dual activity, typically a 
diagnostic action combined with a pharmacological treating action 
(30, 31). In these cases, the first and third criteria (primary mode of 
action and intended medical purpose) would be  twofold in the 
distinctive signature, i.e., (1.2).X.(1.2).X, where “X” corresponds to 
the code of the second and forth criteria that will depend on the 
chemical composition and the nanomanufacturing approach, 
respectively.

1.1.1.1 1.1.1.2

1.2.1.1 1.2.1.2

1.3.1.1 1.3.1.2

1.1.2.1 1.1.2.2

1.2.2.1 1.2.2.2

1.3.2.1 1.3.2.2

2.1.1.1 2.1.1.2

2.2.1.1 2.2.1.2

2.3.1.1 2.3.1.2

2.1.2.1 2.1.2.2

2.2.2.1 2.2.2.2

2.3.2.1 2.3.2.2

2.1.3.1 2.3.1.2

2.2.3.1 2.2.3.2

2.3.3.1 2.3.3.2

1st criterion Principle mode of action

2nd criterion Chemical composition of the core

3rd criterion Medical purpose

4th criterion Nanomanufacturing approach

Chemical 
identity/nature 

(core)

1. Ceramic, 
metallic or 

semi-metallic

2. Molecular 
building block

3. Carbon-based 
(3s – self 

assembled)

Nanotechnology-
enabled health 

products

1. Pharmacological, 
immunological or
metabolic action

1. Therapeutic/ 
Treating

1. Bottom-
up

2. Top-
down

2. Therapeutic/ 
Prophylactic

1. Bottom-
up

2. Top-
down

2. Non pharmacological, 
immunological or
metabolic action

1. Therapeutic

1. Bottom-
up

2. Top-
down

2. Diagnostic (2v –
in vitro)

1. Bottom-
up

2. Top-
down

3. Galenic

1. Bottom-
up

2. Top-
down

FIGURE 4

Proposed nanotechnology-enabled health products classification system.
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3.2.3. Implementation of the classification system
The proposed classification system has been implemented to monitor 

current state of the art for regulatory documents pertaining to NHPs. 
With this aim, a database on regulatory documents has been created. This 
database includes regulatory documents, both published and under 
development until May 2023, from different regulatory stakeholders: 
competent authorities (EMA and FDA), working groups (EU Science 
Hub and SCENHIR) and standards issuing bodies (OECD, ISO, and 
ASTM). As a whole, this database reflects current knowledge in the 
regulation of NHPs and has therefore been considered as the NHP’s 
regulatory state of the art for the purposes of this work (32).

All regulatory references included in said database are compiled in 
Table 6 based on their document typology (hazard testing, legislative 
document, paper, guideline, report or standard) and document version 
(either current version or under development). Additionally, the number 
of defined criteria within the classification signature of each document 
(i.e., the number of criteria not identified by code “0” in the classification 
signature) is also included. The classification signature of a regulatory 
document is not only reflecting the specific NHP category the document 
refers to but also could be indicative of whether a document is general in 
scope or specific to a given NHP category. For example, it is assumed that 
the scope of a regulatory document with classification signature ‘0.0.0.0’ 
is wider than that of a document with signature 1.1.1.1. In the first case 
there is no limit regarding any of the classification criteria whereas in the 
second case that document would be  specific only to metallic 
nanomaterials with pharmacological principal mode of action, treating 
action and nano manufactured based on a bottom-up approach.

Next, Table 6 results have been represented in Figure 5. When 
classifying regulatory documents either currently published or under 
development, there are differences in relation to the number of 
defined criteria. For currently published documents, there is a 

tendency toward a higher number of undefined classification criteria, 
i.e., the number of published documents of a general scope 
(non-specific of a certain NHP type or application) is higher than for 
the documents under development. On the contrary, in this latter case 
there is a tendency toward regulatory documents with a more 
specific scope.

This scenario of ‘regulatory science specialization’ resembles a 
similar situation taking place, at a greater advantage, for advanced 
therapy medicinal products (ATMPs). The assessment of ATMPs for 
regulatory approval requires very specific expertise, which went 
beyond the traditional pharmaceutical field and covers areas bordering 
on other sectors such as biotechnology, nanotechnology itself and 
medical devices (33). In response, the EMA created a specialized 
Committee for Advanced Therapies (CAT) in 2009 to review the 
marketing authorization applications for these complex medicinal 
products (34) and to guide ATMPs developers to facilitate the product 
access to the patients. However, after more than 15 years, ATMPs have 
gained wider recognition and are now more commonly utilized. In 
accordance with the proposal for a Medicinal Product Regulation 
published by the EC, there are indications that the CAT may 
be discontinued but the expertise retained through various working 
groups (35). Likewise, the FDA Center for Biologics Evaluation and 
Research (CBER) was created in 1987 for ensuring compliance with 
safety and efficacy requirements of advanced therapies in the 
USA (36).

Coming back to NHPs, a regulatory state of the art becoming 
more specialized can be noticed (1). Regulatory bodies must shift 
from their approach of considering nanoparticles as small versions of 
larger molecules to one where they recognize their fundamental 
different properties (78, 79). This is in line with a report published by 
the OECD in 2022 on important issues on the risk assessment of 

TABLE 5 Examples of classification assessment for two nanotechnology-enabled health products.

A

Example Criteria Question Subdivisions

Theoretical NHP with a non-

pharmacological effect, whose core 

consists of silver nanoparticles, which 

has a diagnostic action in vivo and 

which is manufactured based on a 

bottom-up approach

Principal mode of action Does the product exert its primary mode 

of action based on pharmacological, 

immunological or metabolic means?

2. NHPs with a non-pharmacological 

(broad sense) primary mode of action

Chemical composition What is the chemical composition of the 

NHP?

1. Ceramic, metallic or semi-metallic

Medical purpose What kind of medical use does the NHP 

have?

Non-pharmacological:

2. Diagnostic in vivo

Nanomanufacturing approach What is the approach for NHP 

nanomanufacturing?

1. Bottom-up

B

Doxil®‘s nanoliposomal carrier
Principal mode of action Does the product exert its primary mode 

of action based on pharmacological, 

immunological or metabolic means?

2. NHPs with a non-pharmacological 

(broad sense) primary mode of action

Chemical composition What is the chemical composition of the 

NHP?

3s. Carbon-based self-assembled

Medical purpose What kind of medical use does the NHP 

have?

Non-pharmacological:

3. Galenic action

Nanomanufacturing approach What is the approach for NHP 

nanomanufacturing?

1. Bottom-up
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manufactured nanomaterials. According to this report, while 
generalization in methodologies is preferred, for nanomaterials a case-
by-case, i.e., specific, approach is envisioned (80). In this scenario, the 
proposed classification system will be a useful tool for regulators to 
monitor how regulatory science is developing the understanding of 
NHPs applications. Additionally, also similar to some initiatives for 
ATMPs such the ARDAT EU funded project (81), this classification 
system could be useful for developing prospective regulatory databases 

that help manufacturers and developers link their NHPs with the 
applicable guidelines.

4. Conclusion

The proposed classification system could allow regulators to 
monitor the regulatory state of the art of NHPs for performing 
strategic regulatory development. By using future-oriented 
methodologies such as Horizon Scanning, it would be  feasible to 
elucidate the main trends in the future development of NHPs. By 
mapping the classification signatures of these future trends with the 
regulatory state of the art, it will be possible to foresee the existence of 
possible gaps in regulation that will hamper the regulatory approval 
of these developments. Regulators will be  able to anticipate these 
future regulatory needs and target the development of guidelines and 
standards in an efficient manner.

Furthermore, this classification system could be also useful for 
developers and manufacturers to link their technologies with the 
applicable regulatory guidelines. By applying this classification system 
to the regulatory state of the art and integrating it in a platform, 
developers could query on their NHPs with a specific classification 
signature. The platform would return all the regulatory guidelines 
potentially applicable to that technology, from the most general to the 
most specific documents. All in all, the potential uses of the proposed 
classification system are aimed to foster NHPs development, NHPs 
regulatory approval and, consequently, mitigate current valley of death.
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Percentage of regulatory documents according to their number of 
defined criteria. Regulatory documents listed in the created 
regulatory database have been classified according to the number of 
defined criteria as an indicator of their degree of specificity. This 
means that regulatory documents with none of their classification 
criteria defined are general, non-specific with regards to NHPs. On 
the side, regulatory documents with all their classification criteria 
defined are specific as they address NHPs with concrete features as 
defined according to the classification system.

TABLE 6 Documents from the regulatory database classified based on 
document type (A), number of defined criteria of the classification system 
and version (B).

A

Document type Number of documents

Hazard testing 3

Legislative document 5

Paper 21

Guideline 20

Report 25

Standard 192

B

Number 
of 
defined 
criteria

Current 
version

Current 
version 

(%)

Under 
development

Under 
development 

(%)

0 139 58.4 12 41.38

1 47 19.75 7 24.14

2 34 14.29 3 10.34

3 3 1.26 1 3.45

4 15 6.3 6 20.69

238 100 29 100

(A) Regulatory documents are classified based on their document typology: hazard testing 
(protocols for assessing biological safety), legislative documents, papers from regulatory 
bodies, guidelines, reports, standards from ISO and ASTM. (B) Regulatory documents are 
classified based on their number of defined criteria of the proposed classification system and 
the version (i.e., current version or under development).

https://doi.org/10.3389/fmed.2023.1212949
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Rodríguez-Gómez et al. 10.3389/fmed.2023.1212949

Frontiers in Medicine 13 frontiersin.org

Publisher’s note

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

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.

References
 1. Halamoda-Kenzaoui B, van Elk M, Gaitan S, Geertsma RE, Lafuente EG, Owen A, 

et al. Anticipation of regulatory needs for nanotechnology-enabled health product. 
Luxembourg: European Commission (2019) Report No.: JRC118190.

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

 3. Nourizadeh H, Doostkam M, Seyfi M, Nori M, Mirzaei H, Abbasnia M, et al. Nano-
pharmaceutical products. (2021).

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

 5. 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

 6. Allan JFA, Grande S., Giannantonio R., Matteucci F. (2019). Technology transfer in 
nanotechnology. Luxembourg. Contract No.: JRC115968.

 7. Halamoda-Kenzaoui B, Vandebriel RJ, Howarth A, Siccardi M, David CAW, 
Liptrott NJ, et al. Methodological needs in the quality and safety characterisation of 
nanotechnology-based health products: priorities for method development and 
standardisation. J. Control. Release. (2021) 336:192–206. doi: 10.1016/j.
jconrel.2021.06.016

 8. European medicines agency process for engaging in external regulatory sciences and 
process improvement research activities for public and animal health, (2019).

 9. EMA regulatory science to 2025. Amsterdam: European Medicines Agency (2020) 
Report No.: EMA/110706/2020.

 10. Rivera Gil P, Hühn 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

 11. Dri DA, Rinaldi F, Carafa M, Marianecci C. Nanomedicines and nanocarriers in clinical 
trials: surfing through regulatory requirements and physico-chemical critical quality 
attributes. Drug Deliv Transl Res. (2023) 13:757–69. doi: 10.1007/s13346-022-01262-y

 12. EPA. (2017) EPA 505-F-17-002. Technical Fact Sheet – Nanomaterials November 
2017. Available at: https://www.epa.gov/sites/default/files/2014-03/documents/
ffrrofactsheet_emergingcontaminant_nanomaterials_jan2014_final.pdf (Accessed 
March 15, 2023).

 13. Regulation (EU) 2015/2283. (2015). Regulation (EU) 2015/2283 of the European 
Parliament and of the council of 25 November 2015 on novel foods, amending regulation 
(EU) no 1169/2011 of the European Parliament and of the council and repealing 
regulation (EC) no 258/97 of the European Parliament and of the council and 
commission regulation (EC) no 1852/2001. European Commission (EC), Brussels, 
Belgium. Available at: https://eur-lex.europa.eu/eli/reg/2015/2283/oj (Accessed March 
15, 2023).

 14. European Commission E. (2022). Commission recommendation of 10.6.2022 on 
the definition of nanomaterial Brussels, Belgium: European Commission (EC). Available 
at: https://ec.europa.eu/environment/chemicals/nanotech/pdf/C_2022_3689_1_EN_
ACT_part1_v6.pdf (Accessed March 15, 2023).

 15. International Organization for Standardization. ISO/DIS 80004-1:2021(E). (2021). 
Nanotechnology - vocabulary - part 1: Core terms and definitions. Geneva:ISO;2021.

 16. Regulation (EC) No 1223/. (2009). Regulation (EC) no 1223/2009 of the European 
Parliament and of the council of 30 November 2009 on cosmetic products" European 
Commission (EC), Brussels, Belgium. Available at: https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=celex%3A32009R1223 (Accessed March 15, 2023).

 17. Regulation (EU). (2018/1881) Commission regulation (EU) 2018/1881 of 3 December 
2018 amending regulation (EC) no 1907/2006 of the European Parliament and of the council 
on the registration, evaluation, authorisation and restriction of chemicals (REACH) as regards 
annexes I, III,VI, VII, VIII, IX, X, XI, and XII to address nanoforms of substances. European 
Commission (EC), Brussels, Belgium. Available at: https://eur-lex.europa.eu/legal-content/
en/TXT/?uri=CELEX%3A32018R1881 (Accessed  March 15, 2023).

 18. Regulation (EU) No 528/2012. (2012). Regulation (EU) no 528/2012 of the 
European Parliament and of the council of 22 may 2012 concerning the making 
available on the market and use of biocidal products European Commission (EC), 
Brussels, Belgium. Available at: https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX%3A32012R0528 (Accessed March 15, 2023).

 19. FDA-2010-D-0530. Considering whether an FDA-regulated product involves the 
application of nanotechnology.in Administration USDoHaHSFaD U.S. Food & Drug 
Administration, (2014)

 20. 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

 21. Đorđević S, Gonzalez MM, Conejos-Sánchez I, Carreira B, Pozzi S, Acúrcio 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

 22. Medical Device Coordination Group M. MDCG 2022 – 5. Guidance on borderline 
between medical devices and medicinal products under regulation (EU) 2017/745 on 
medical devices Brussels, Belgium. (2022).

 23. Safe-n-MedTech. (2019). SafeNMT Available at: https://safenmt.com/ (Accessed 
March 15, 2023).

 24. Refine Nanomed. (2017). Available at: http://refine-nanomed.eu/ (Accessed March 15, 
2023).

 25. Mühlebach 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

 26. 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

 27. Soares S, Sousa J, Pais A, Vitorino C. Nanomedicine: principles, properties, and 
regulatory issues. Front Chem. (2018) 6:360. doi: 10.3389/fchem.2018.00360

 28. Xiao C, Mir-Simón B, Rivera-Gil P. Controlled nano-agglomerates as stabile SERS 
reporters for unequivocal labelling. Sci Rep. (2022) 12:8977. doi: 10.1038/
s41598-022-12989-6

 29. Barenholz Y. Doxil® — the first FDA-approved nano-drug: lessons learned. J 
Control Release. (2012) 160:117–34. doi: 10.1016/j.jconrel.2012.03.020

 30. Jeelani S, Reddy RC, Maheswaran T, Asokan GS, Dany A, Anand B. Theranostics: a 
treasured tailor for tomorrow. J Pharm Bioallied Sci. (2014) 6:S6–8. doi: 
10.4103/0975-7406.137249

 31. 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

 32. Medical Device Coordination Group M. MDCG 2021 – 5. Guidance on 
standardisation for medical devices Brussels, Belgium. (2021)

 33. Regulation (EC). (2007) No 1394/2007 of the European Parliament and of the 
Council of 13 November 2007 on advanced therapy medicinal products and amending 
Directive 2001/83/EC and Regulation (EC) No 726/2004.

 34. Committee for Advanced Therapies (CAT). (n.d.). Available at: https://www.ema.
europa.eu/en/committees/committee-advanced-therapies-cat (Accessed  March 15, 
2023).

 35. European Commission E. (2023). 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. COM(2023) 193 
final. 2023/0131(COD) 2023. Available at: https://eur-lex.europa.eu/legal-content/
EN/TXT/?uri=CELEX:52023PC0193 (Accessed  March 15, 2023).

 36. Center for Biologics Evaluation and Research (CBER). (2021). Available at: https://
www.fda.gov/about-fda/fda-organization/center-biologics-evaluation-and-research-
cber (Accessed  March 15, 2023).

 37. European Federation of Pharmaceutical Sciences (EUFEPS). (n.d.). Available at: 
https://www.eufeps.org/nano-network.html (Accessed  March 15, 2023).

 38. Non-Biological Complex Drugs working group. (2023). Available at: https://nbcds.
info/ (Accessed  March 15, 2023).

 39. European Foundation for Clinical Nanomedicine (CLINAM). (2023). Available at: 
https://clinam.org/?page_id=102 (Accessed  March 15, 2023).

 40. Global Coalition for Regulatory Science Research (GCRSR). (2022). Available at: 
https://www.fda.gov/about-fda/science-research-nctr/global-coalition-regulatory-
science-research (Accessed  March 15, 2023).

 41. EDQM’s Working Party on Non-Biological Complexes (NBC). (2023). Available 
at: https://nbcds.info/ (Accessed  March 15, 2023).

 42. Halamoda-Kenzaoui B, Geertsma R, Pouw J, Prina-Mello A, Carrer M, Roesslein 
M, et al. Future perspectives for advancing regulatory science of nanotechnology-

https://doi.org/10.3389/fmed.2023.1212949
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.2217/nnm-2019-0130
https://doi.org/10.1016/j.jconrel.2018.02.013
https://doi.org/10.1021/acs.bioconjchem.5b00607
https://doi.org/10.1021/acs.bioconjchem.5b00607
https://doi.org/10.1016/j.jconrel.2021.06.016
https://doi.org/10.1016/j.jconrel.2021.06.016
https://doi.org/10.1016/j.phrs.2010.01.009
https://doi.org/10.1007/s13346-022-01262-y
https://www.epa.gov/sites/default/files/2014-03/documents/ffrrofactsheet_emergingcontaminant_nanomaterials_jan2014_final.pdf
https://www.epa.gov/sites/default/files/2014-03/documents/ffrrofactsheet_emergingcontaminant_nanomaterials_jan2014_final.pdf
https://eur-lex.europa.eu/eli/reg/2015/2283/oj
https://ec.europa.eu/environment/chemicals/nanotech/pdf/C_2022_3689_1_EN_ACT_part1_v6.pdf
https://ec.europa.eu/environment/chemicals/nanotech/pdf/C_2022_3689_1_EN_ACT_part1_v6.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32009R1223
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32009R1223
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A32018R1881
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A32018R1881
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32012R0528
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32012R0528
https://doi.org/10.1186/s12951-022-01477-8
https://doi.org/10.1007/s13346-021-01024-2
https://safenmt.com/
http://refine-nanomed.eu/
https://doi.org/10.1016/j.addr.2018.06.024
https://doi.org/10.1021/ar300039j
https://doi.org/10.3389/fchem.2018.00360
https://doi.org/10.1038/s41598-022-12989-6
https://doi.org/10.1038/s41598-022-12989-6
https://doi.org/10.1016/j.jconrel.2012.03.020
https://doi.org/10.4103/0975-7406.137249
https://doi.org/10.1016/j.actbio.2022.01.052
https://www.ema.europa.eu/en/committees/committee-advanced-therapies-cat
https://www.ema.europa.eu/en/committees/committee-advanced-therapies-cat
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52023PC0193
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52023PC0193
https://www.fda.gov/about-fda/fda-organization/center-biologics-evaluation-and-research-cber
https://www.fda.gov/about-fda/fda-organization/center-biologics-evaluation-and-research-cber
https://www.fda.gov/about-fda/fda-organization/center-biologics-evaluation-and-research-cber
https://www.eufeps.org/nano-network.html
https://nbcds.info/
https://nbcds.info/
https://clinam.org/?page_id=102
https://www.fda.gov/about-fda/science-research-nctr/global-coalition-regulatory-science-research
https://www.fda.gov/about-fda/science-research-nctr/global-coalition-regulatory-science-research
https://nbcds.info/


Rodríguez-Gómez et al. 10.3389/fmed.2023.1212949

Frontiers in Medicine 14 frontiersin.org

enabled health products. Drug Deliv Transl Res. (2022) 12:2145–56. doi: 10.1007/
s13346-022-01165-y

 43. Halamoda-Kenzaoui B, Holzwarth U, Roebben G, Bogni A, Bremer-Hoffmann S. 
Mapping of the available standards against the regulatory needs for nanomedicines. Wiley 
Interdiscip Rev Nanomed Nanobiotechnol. (2019) 11:e1531. doi: 10.1002/wnan.1531

 44. European Medicines Agency. Reflection paper on data requirements for intravenous 
liposomal products developed with reference to an innovator liposomal product. (2013).

 45. European Medicines Agency. Joint MHLW/EMA reflection paper on the 
development of block copolymer micelle medicinal products. (2013).

 46. European Medicines Agency. Reflection paper on the data requirements for 
intravenous iron-based nano-colloidal products developed with reference to an innovator 
medicinal product. (2015).

 47. European Medicines Agency. Reflection paper on surface coatings: General issues for 
consideration regarding parenteral administration of coated nanomedicine products. (2013).

 48. FDA. (2018). Liposome Drug Products Chemistry, Manufacturing, and controls; 
human pharmacokinetics and bioavailability; and labeling documentation silver Spring 
(USA). U.S. Food & Drug Administration. Available at: https://www.fda.gov/
media/70837/download

 49. CDER. Guidance for Industry – Drug products, including biological products, that 
contain Nanomaterials. Beltsville, MD: CDER. (2022).

 50. European Commission. Final opinion on the guidance on the determination 
of potential health effects of Nanomaterials used in medical devices. (2015). 
Available at: https://ec.europa.eu/health/scientific_committees/emerging/docs/
scenihr_o_045.pdf (Accessed  March 15, 2023).

 51. International Organization for Standardization. ISO/TR 13014:2012(E).. 
Nanotechnology - guidance on physico-chemical characterization of engineered nanoscale 
materials for toxicologic assessment. Geneva:ISO;2012.

 52. CDER. Final Guidance for Industry – Liposome drug products: chemistry, 
manufacturing, and controls; human pharmacokinetics and bioavailability; and labeling 
documentation. Beltsville, MD: CDER (2018).

 53. Zheng N, Sun DD, Zou P, Jiang W. Scientific and regulatory considerations for 
generic complex drug products containing Nanomaterials. AAPS J. (2017) 19:619–31. 
doi: 10.1208/s12248-017-0044-1

 54. International Organization for Standardization. ISO/TR 10993-22:2017(E). 
Biological evaluation of medical devices - Part 22: Guidance on nanomaterials.
Geneva:ISO;2017.

 55. Zhang L, Wang Y, Yang D, Huang W, Hao P, Feng S, et al. Shape effect of 
nanoparticles on tumor penetration in monolayers versus spheroids. Mol Pharm. (2019) 
16:2902–11. doi: 10.1021/acs.molpharmaceut.9b00107

 56. Sutthavas P, Habibovic P, van Rijt SH. The shape-effect of calcium phosphate 
nanoparticle based films on their osteogenic properties. Biomater Sci. (2021) 9:1754–66. 
doi: 10.1039/D0BM01494J

 57. Yang W, Wang L, Mettenbrink EM, DeAngelis PL, Wilhelm S. Nanoparticle 
Toxicology. Annu Rev Pharmacol Toxicol. (2021) 61:269–89. doi: 10.1146/annurev-
pharmtox-032320-110338

 58. Donahue ND, Kanapilly S, Stephan C, Marlin MC, Francek ER, Haddad M, et al. 
Quantifying chemical composition and reaction kinetics of individual Colloidally dispersed 
nanoparticles. Nano Lett. (2022) 22:294–301. doi: 10.1021/acs.nanolett.1c03752

 59. Staudinger H. Macromolecular chemistry. Nobel Lecture. (1953).

 60. European Commission D-GfE.. (2011). Questions and answers on the 
commission recommendation on the definition of nanomaterial. Available at: 
https://ec.europa.eu/commission/presscorner/detail/en/MEMO_11_704

 61. 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

 62. Mech A, Wohlleben W, Ghanem A, Hodoroaba VD, Weigel S, Babick F, et al. Nano 
or not Nano? A structured approach for identifying Nanomaterials according to the 
European Commission's definition. Small. (2020) 16:e2002228. doi: 10.1002/smll.202002228

 63. Rauscher H, Roebben G, Boix Sanfeliu A, Emons H, Gibson P, Koeber R, et al. 
Towards a review of the EC recommendation for a definition of the term "nanomaterial": 
Part 3: Scientific-technical evaluation of options to clarify the definition and to facilitate its 

implementation. Luxembourg (Luxembourg); Publications Office of the European Union. 
(2015).

 64. International Organization for Standardization. ISO/TR 11360:2010. (n.d.). 
Nanotechnologies - Methodology for the classification and categorization of nanomaterials. 
Geneva:ISO;2010.

 65. Rowe RC, Sheskey PJ, Quinn ME Handbook of Pharmaceutical Excipients. 6th ed. 
London, Grayslake and Washington DC: Pharmaceutical Press and American 
Pharmacists Association. (2009).

 66. Mudgal S., Lockwood S, Salès K, Backhaus T, Halling SB. Study on the 
environmental risks of medicinal products, final Report. (2013).

 67. 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). 75–124.

 68. 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

 69. Gottardo S, Mech A, Drbohlavova J, Malyska A, Bøwadt 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

 70. Keshu RM, Yadav J, Meenu CS, 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. Journal of environmental. Chem 
Eng. (2021) 9:106763. doi: 10.1016/j.jece.2021.106763

 71. European Medicines Agency. Guideline on the environmental risk assessment of 
medicinal products for human use. (2006).

 72. Regulation (EU) 2017/745. (2017). 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 European Commission (EC), 
Brussels, Belgium Available at: https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX%3A32017R0745 (Accessed March 15, 2023).

 73. Regulation (EU) 2017/746. (2017). Regulation (EU) 2017/746 of the European 
Parliament and of the Council of 5 April 2017 on in vitro diagnostic medical devices and 
repealing Directive 98/79/EC and Commission Decision 2010/227/EU European 
Commission (EC), Brussels, Belgium [cited 2023 Mar 15]. Available at: https://eur-lex.
europa.eu/eli/reg/2017/746/oj (Accessed March 15, 2023).

 74. Luther W. Industrial application of Nanomaterials – chances and risks. Future 
Technol. (2004):54.

 75. 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

 76. Sen M. Nanotechnology and the Environment. IntechOpen. (2020). doi: 10.5772/
intechopen.87903

 77. 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

 78. Zingg R, Fischer M. The consolidation of nanomedicine. Wiley Interdiscip Rev 
Nanomed Nanobiotechnol. (2019) 11:e1569. doi: 10.1002/wnan.1569

 79. Zagalo DM, Simões S, Sousa J. Regulatory science approach in pharmaceutical 
development of follow-on versions of non-biological complex drug products. J Pharm 
Sci. (2022) 111:2687–713. doi: 10.1016/j.xphs.2022.07.015

 80. OECD. (2022). Important Issues on Risk Assessment of Manufactured 
Nanomaterials (ENV/CBC/MONO(2022)3) Paris: Organisation for economic 
cooperation and development Available at: https://www.oecd.org/
o f f i c i a l d o c u m e n t s / p u b l i c d i s p l a y d o c u m e n t p d f / ? c o t e = E N V- C B C -
MONO(2022)3%20&doclanguage=en (Accessed March 15, 2023).

 81. ARDAT. (2020). Accelerating Research & Development for advanced therapies. 
Available at: http://ardat.org/

https://doi.org/10.3389/fmed.2023.1212949
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s13346-022-01165-y
https://doi.org/10.1007/s13346-022-01165-y
https://doi.org/10.1002/wnan.1531
https://www.fda.gov/media/70837/download
https://www.fda.gov/media/70837/download
https://ec.europa.eu/health/scientific_committees/emerging/docs/scenihr_o_045.pdf
https://ec.europa.eu/health/scientific_committees/emerging/docs/scenihr_o_045.pdf
https://doi.org/10.1208/s12248-017-0044-1
https://doi.org/10.1021/acs.molpharmaceut.9b00107
https://doi.org/10.1039/D0BM01494J
https://doi.org/10.1146/annurev-pharmtox-032320-110338
https://doi.org/10.1146/annurev-pharmtox-032320-110338
https://doi.org/10.1021/acs.nanolett.1c03752
https://ec.europa.eu/commission/presscorner/detail/en/MEMO_11_704
https://doi.org/10.1038/s41565-019-0396-z
https://doi.org/10.1002/smll.202002228
https://doi.org/10.1039/C8EN00053K
https://doi.org/10.1016/j.impact.2021.100297
https://doi.org/10.1016/j.jece.2021.106763
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32017R0745
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32017R0745
https://eur-lex.europa.eu/eli/reg/2017/746/oj
https://eur-lex.europa.eu/eli/reg/2017/746/oj
https://doi.org/10.1039/C8GC01248B
https://doi.org/10.5772/intechopen.87903
https://doi.org/10.5772/intechopen.87903
https://doi.org/10.1016/j.colsurfb.2012.09.032
https://doi.org/10.1002/wnan.1569
https://doi.org/10.1016/j.xphs.2022.07.015
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV-CBC-MONO(2022)3%20&doclanguage=en
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV-CBC-MONO(2022)3%20&doclanguage=en
https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV-CBC-MONO(2022)3%20&doclanguage=en
http://ardat.org/

	Classification system for nanotechnology-enabled health products with both scientific and regulatory application
	1. Introduction
	2. Materials and methods
	2.1. Regulatory guideline compilation
	2.2. Data management

	3. Results and discussion
	3.1. Classification criteria with scientific and regulatory implications
	3.1.1. Tentative legislative framework
	3.1.2. Quality and safety of NHPs
	3.1.3. Pre-clinical and clinical assessment
	3.1.4. Sustainability of NHPs
	3.2. Proposed classification system
	3.2.1. Classification system structure
	3.2.2. Coding system and signatures
	3.2.3. Implementation of the classification system

	4. Conclusion
	Data availability statement
	Author contributions

	References

