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Abstract: In this paper, we exhibit how to construct a template for capturing antimicrobial capacity
data of nanomaterials or nanoenabled products. The template promotes the principles of making
data scientifically findable, accessible, interoperable and reusable (FAIR), encouraging scientists to
reuse it. The template construction roadmap entails the following steps: (1) recognize appropriate
stakeholders, (2) allocate surveys to collect a general explanation of the data that will be created,
(3) comprehend each stakeholder’s requirements, (4) cooperating and using straightforward com-
munication with the participants for the selection of the minimum data requirement reporting and
(5) template layout and ontological annotation. We provide an annotated template for capturing
antimicrobial data, increasing their interoperability while populating it with real measurements as an
example. By applying the roadmap or by utilizing the template portrayed herein, in the case of a
safe-by-design nanoproject (Anticipating Safety Issues at the Design of Nano Product Development
(ASINA)), data creators of antimicrobial assessments can store the data using the FAIR approach.
Furthermore, data shepherds and scientists can skip the lengthy template generation process and
speed up the community’s progress on the FAIR route.

Keywords: nanotechnology; antimicrobial; FAIR data; nanomaterials; coating

1. Introduction

Antibiotics are still being used as a medication for bacterial diseases and the inappro-
priate use of them has resulted in the evolution of bacterial resistance [1,2]. Multidrug-
resistant bacteria’s emergence and biofilm formation are a public health concern [3,4].
According to the World Health Organization, bacterial resistance is posing an increasing
danger to global health and the achievement of sustainable development goals [5]; this
growing issue necessitates the generation of long-term and efficient novel antimicrobial
(and biofilm-preventing) materials. Consequently, attention has been devoted to relatively
emerging fields such as nanotechnology and the development of nanoenabled finished
multifunctional materials.

Nanomaterials (NMs) and their diverse nanoforms have enhanced properties in
comparison to their bulk material, including antimicrobial efficacy toward a range of
microorganisms [6]. The antimicrobial properties of NMs are superior, motivating their use
as a viable alternative to antibiotics [7]. The study of NMs is of tremendous importance
since they may be used in various disciplines, including medicine, food processing and
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cosmetics, while still preserving their unique properties [8–11]. The search for innovative
antimicrobial compounds has been crucial throughout the last few decades to various
research fields for the reduction of nosocomial and foodborne infections [12–14]. Recent
publications have reflected the increasing trend of manufactured products around the field
of nanotechnology and the enhanced antimicrobial capacity of NMs for diverse healthcare
applications [2].

In the realm of nanotechnology, machine learning (ML) techniques were used with
favorable findings [15]. ML was shown to be helpful for acquiring insights into fac-
tors that affect toxicity, forecasting probable adverse effects and guiding safe-by-design
paradigms [16,17]. The knowledge that is available through curated databases and the
scattered available datasets from studies in the literature is mainly focused on human and
environmental toxicological endpoints and physicochemical (p-chem) characterization
data [18,19]. Emerging infrastructures are being developed, such as the EU-funded projects,
NanoCommons https://www.nanocommons.eu/ (accessed on 27 November 2021), GRA-
CIOUS https://www.h2020gracious.eu/v (accessed on 27 November 2021) and eNanoMap-
per http://www.enanomapper.net/ (accessed on 27 November 2021), to address the data
quality and availability of existing data. NanoSolveIT https://nanosolveit.eu/ (accessed
on 27 November 2021) is assembling data from various sources and curating, merging and
FAIRifing (assuring findability, accessibility, interoperability and reusability) existing and
new data on the health and environmental safety of NMs. These FAIR principles acquired
popularity in the scientific community and are expected to grow into the cornerstone of
research policy and requirements for research data management plans [20]. The principles
emphasize several important preconditions for data sharing, asking researchers to consider
the prospect of future data sharing and reuse from the start [21]. Their simplicity and
flexibility are significant assets, allowing for the formation of agreed goals and courses of
action in research data management. As a result, the FAIR principles give a vital stimulus
to data-driven research culture, allowing for transparent data reuse for accelerating nan-
otechnology research [21,22]. However, individual researchers and research organizations,
as well as research communities, will have to rise to the occasion.

A significant number of studies that examined NMs’ antimicrobial capacities exist in
the literature. Antimicrobial assessments generate a large amount of data that are useful
and indispensable for both research and industry. While a tremendous amount of data
exists in the literature, there is no systematic and comprehensive source of data regarding
antimicrobial capacity that provides all or most information in one place. Unfortunately,
the antimicrobial data of NMs are not as readily available as data related to toxicological
endpoints. In a study conducted by Mirzaei et al. [23], information from studies was
manually extracted following a literature review regarding NMs that were introduced to
diverse bacteria to measure the NMs’ antimicrobial capacity. The aforementioned study
revealed that very little information is included in the original studies, specifically the
characterization data that reveal the key properties that enhance the antimicrobial capacity
of NMs. Another finding of the study was the diversity of the reporting antimicrobial
endpoints. Several endpoints of the same functionality were extracted and recorded,
such as bacteria viability, minimum inhibitory concentration, zone of inhibition or colony-
forming unit. The outcomes were expressed in different metrics, which were unable to be
merged. This emphasized the need for a consistent method for antibacterial examinations,
as well as a structured manner for reporting scientific data findings. The conclusion was
that the information is scattered and incomplete and manual extraction of data is highly
time-consuming and inappropriate.

In academia and industry, data is rarely leveraged for purposes other than those
that were originally intended [24]. Technologies that follow and provide data that hold
onto the FAIR principles are critical enablers of digital transformation [25]. FAIR data are
imperative modules of the EU industrial strategy, chemicals strategy for sustainability
and circular economy action plan, all of which are based on the EU Green Deal (https:
//ec.europa.eu/environment/strategy/chemicals-strategy_en (accessed on 27 Novem-
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ber 2021), which fosters safe and sustainable by design (SSbD) frameworks and innova-
tions [26,27]. The EU has increased its demand for open data research and has crafted FAIR
data management guidelines for H2020 projects that create data and a data management
plan as a required deliverable [28]. The FAIR data principles are specifically referenced in
the appropriate guidelines. Given that a rising number of researchers will be exposed to the
recommendations, it is critical to analyze their viability and suggest areas where they could
be improved [20]. Data management refers to the full data implementation lifecycle, which
includes the data production, collection, variation and final storage [29]. The principles of
FAIR were discussed in depth in preceding scientific articles [21,25,30,31]. FAIR principles
were created to outline good data management practices. What establishes good data
management or stewardship is currently vague and it is frequently left to the discretion of
the data creators and/or holders [30,32]. As Wilkinson et al. [30] mention in the first formal
publication of the FAIR Principles: “good data management and stewardship/shepherding is
not a goal in itself, but rather a pre-condition supporting knowledge discovery and innovation”.
Papadiamantis et al. [33] identified and recommended the scientific FAIR principles to
supplement the original ones and to guide data creators through the procedures that are
necessary to record their data in a FAIR fashion as they are created.

As there is a clear trend of increasing demand for nanoenabled products (NEPs) with
enhanced antimicrobial capacities [34] and since capacity appears to be dependent on
the NMs’ p-chem properties, the purpose of this study was to suggest to the research
community a practical and efficient approach that enables structured data reporting us-
ing elaborated templates. We describe how variables of antimicrobial assessments are
selected for FAIRification and how the data are captured. The emphasis is on preserving
the most important elements that determine the antimicrobial capacity while keeping
the data requirements that scientists should report to a minimum. The template enables
the assessment of determinants through modeling that identifies the essential variables
that permit the prediction of the NMs’/NEPs’ antibacterial capacities due to the distinct
combinations of NMs and applications. We explain how the developing position of data
shepherd (see [33] for the definition of a shepherd) is engaged across disciplines with the
objective of capturing data in a consistent and thorough manner. The reporting guidance
and data template facilitate researchers and the industrial community to disclose appropri-
ate functionality data by following the scientific FAIR principles. It also supports experts
that are engaged in the data management course by displaying a pragmatic approach to
template building and the curation of new data. The template can also assist with the as-
similation of existing studies and the evaluation of diverse experimental environments and
associated descriptors. While building the template, we did not find an alternative template
to report data in a harmonized way. While several templates exist for a FAIR data capture
https://search.data.enanomapper.net/help/#dataentry (accessed on 27 November 2021),
antimicrobial assessment templates were not available.

The added element of this study in the series presented [35] is that different partners
act as supplementary data creators following a chain of experimental designs that will
guide the SSbD criteria. In Furxhi et al. [36], data capturing served to facilitate computa-
tional exposure models for the assessment of exposure determinants or mass flow balance
models that simulate emission particle rates in occupational environments. In this case
of antimicrobial capacity, the data will be used for computational purposes in an SSbD
framework [37]. The requirement here is different since partners within the same project
will need to reuse the data to merge safety with performance. Those cases are important
since they demonstrate to the scientific community how a well-designed template can serve
diverse goals, such as FAIR data capturing for the entire community, data pool creation for
modeling purposes and intra-consortium partners data exchange, revealing the importance
of systematic data reporting.

https://search.data.enanomapper.net/help/#dataentry
https://search.data.enanomapper.net/help/#dataentry


Coatings 2021, 11, 1486 4 of 18

2. Materials and Methods

The first two published studies in the data shepherding in nanotechnology series [35,36]
visualized the roadmap toward case-specific data-catching templates for FAIRification
rationales in the ASINA project (see Figure 1) with the support from the Transnational
Access program of the H2020 NanoCommons project.

Figure 1. The path that was used for developing case-specific data capture templates for FAIRification purposes. In this
study, we focused on the antimicrobial template’s final two steps (red box).

With the assistance and supervision of the data shepherd, we show the process from
the recommended framework to template construction, with a focus on antimicrobial
measures. The goal of the data compilation in this case was to keep track of the character-
ization data and the conditions of exposure and assessment for the antimicrobial study
of NMs/NEPs in the ASINA supply chain [35]. The scientists (data creators) that pro-
cessed and analyzed these materials were detected and a preliminary survey was circulated
between the participants in order to gather information about the data to be generated
(see Section 3.1). We exhibit how we moved from the preliminary questionnaires to the
usage of the introductory template (see Section 3.2). We reveal the outcomes of the internal
communications between partners about minimal data needs and descriptors selection,
which resulted in a project consensus and the co-created template (see Section 3.3). Finally,
we annotated the dataset to enhance the interoperability (see Section 3.4).

3. Results
3.1. Initial Data Description—Questionnaire

Data creators were identified and given a questionnaire to fill out in order to provide an
initial description of the data to be recorded and to assist in the building of a prototype data
logging template. Table 1 shows the replies of data creators regarding antimicrobial func-
tionality measurements. The questionnaire assisted the data shepherd in organizing and
directing the communication between relevant stakeholders, as well as identifying partners’
duties and anticipated outcomes. The questionnaire was established to facilitate the depic-
tion of the data to be generated and it contained a minimal information set to begin with.
The Data Management Plan (version 1) https://www.portforward-project.eu/wp-content/
uploads/2018/09/PortForward-WP9-D9.5-Data-Management-Plan-V1-Final.pdf (accessed
on 27 November 2021) of the PortForward project was sourced as inspiration for the forma-
tion of the questionnaire.

https://www.portforward-project.eu/wp-content/uploads/2018/09/PortForward-WP9-D9.5-Data-Management-Plan-V1-Final.pdf
https://www.portforward-project.eu/wp-content/uploads/2018/09/PortForward-WP9-D9.5-Data-Management-Plan-V1-Final.pdf
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Table 1. Form for collecting initial information on each experiment from relevant partners.

Antimicrobial Capacity

Element Response—Data creators
(STIIMA-CNR)

Response—Data creators
(BioNanoPlus)

Response—Data reusers
(RedOfView and CENTI)

Data Identification

Dataset description
Antimicrobial tests on coated
textiles before and after use

simulation tests

Functionality analysis of
nanostructured capsules that

deliver active phases in cosmetics

Antimicrobial tests of cosmetic
formulations

Source Data from a measurement
experiment

Data from a measurement
experiment

Data from a measurement
experiment

Partner’s Activities and Responsibilities

Partner owner of the data,
copyright holder

The data that each partner
provides to the template is under

their responsibility

The data that each partner
provides to the template is under

their responsibility

The data that each partner
provides to the template is under

their responsibility

Partner in charge of data collec-
tion/analysis/storage/related WP(s)

Data collection between data
creators and shepherd;

construction of a measuring
matrix in collaboration with
stakeholders, as well as the

reporting strategy throughout the
project duration

Data collection between data
creators and shepherd;

construction of a measuring
matrix in collaboration with
stakeholders, as well as the

reporting strategy throughout the
project duration

Data creators and shepherd;
bridging information for

future analysis

Expected Input Variables

Description of the information
required (WPs and/or tasks) in

order to move forward

- P-chem characterization of
NMs deposited into the textiles

Colloidal properties (particle size,
zeta potential) of NMs once

integrated into the use and testing
matrices

Design of the measurement
matrix with contextual

information to facilitate testing

Expected outcomes

Description of the specific
endpoint measurement

variables/outcomes

Bacteria reduction (%): number of
viable bacterial cells Microbial log reduction

- Functionality of the coated
substrate

- Nanostructured capsules
delivering active phases in
cosmetics

Standards

Detailed description of the
methods/protocols

- AATCC100-2012—Test
Method for Antimicrobial
Finishes on Textile
Materials

- ASTM E2149-13—Standard
Test Method for the
Antimicrobial Activity of
Agents Under Dynamic
Conditions

Internal protocol involving a disc
diffusion test: E.coli, P. aeruginosa
and S. aureus are grown in Petri

dishes, applying the product to be
tested and then measuring the

inhibition halo (zone of inhibition)
obtained

- The method to evaluate the
functionality of the coated
substrates will depend on
the type of nanomaterial to
be applied on the substrate
(photocatalytic,
antimicrobial, etc)

- The materials will be tested
in agreement with the
methods indicated by the
nanomaterials’ supplier

The responses revealed that data creators need knowledge concerning the p-chem
characteristics of the NMs, such as the colloidal properties (Table 1, response from STIIMA-
CNR and Bionanoplus) in order to evaluate the materials’ capacity to retain antimicrobial
functionality. Notice that there is no detailed explanation of which p-chem are required.
The outcomes are obtained from experimental testing using various organisms and experi-
mental standards to obtain a reduction in bacterial growth in a numeric form (percentage or
log reduction). Data creators provide useful information on the protocols that will be used
to extract information. On the other hand, some partners provide only limited information,
such as an internal protocol. Data reusers will test and verify the functionality of the coated
substrates before and after the implementation of the SSbD criteria with the goal to obtain
the maximum functionality of NEPs while minimizing the toxicity and exposure potential.
Notice that a holistic approach is taken in the ASINA case, where diverse individual testing
strategies will be merged to provide the best solution (from synthesis to deposition and
usage). As a result, data requirements are initially suggested but not clearly stated in
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addition to the “raw” experimental data (for example, which parameters are going to be
finetuned to attain the desired performance). Finally, it is important to notice that this
approach, which was proposed in the SSbD concept, initially demands the deconstruction
of information, which needs to be integrated into later stages, for example, the p-chem
characterization, toxicological assessment and exposure potential from usage scenarios will
be integrated into a single information chain. The data shepherd guides all the data creators
into a consensus approach, gathering the information in advance and in such a manner
that facilitates future integration and analysis. If left to the end of the project, merging the
information derived from multiple partners will result in difficulties and confusion.

3.2. Preliminary Template from NIKC

Spreadsheets are a standard format that is used by most scientists in all subfields of
research, and they are a decent option for data entry due to their familiarity. NanoCom-
mons’s suggestion for data capture included the CEINT NanoInformatics Knowledge
Commons (NIKC) Excel spreadsheet [38]. For information related to the template pre-
sented in Figure 2, refer to [35]. The method and measurement tabs are the focus of this
study (Figure 2). When applicable, the protocol and instrument tabs (method) record knowl-
edge about instrumentation and protocols that are linked to either sample preparation or
measurement testing. The data (measurement matrix) regarding the entire experimental
strategy is stored in the measurement table. The main data that are documented are the
experimental conditions, information related to the NMs/NEPs and the measured out-
comes, such as bacteria reduction. Finally, the dictionary tab contains the annotation of
the descriptors. We provide the detailed metadata description of the data throughout the
manuscript.

Figure 2. Visualization of the template. Each primary tab has its own set of tabs and related variables. The spreadsheet
includes referencing information about data creators (people and institutions), as well as information on any publications
that have used the data (publication).
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3.3. Literature, Internal Communication and Descriptors Identification

In order to merge the resources, it is necessary to have the data overview from
the surveys and the preliminary template on hand, as well as a literature search and
numerous expert’s feedback. The data shepherd and stakeholders gather knowledge
of procedures and experimental settings of antimicrobial assessment and other related
needed experimentations in this step, which is the most demanding element of the data
management plan and FAIRification procedures.

The importance of the variables is determined by stakeholder expertise and is required
to meet project objectives. Antimicrobial assessment, for example, necessitates knowledge
of exposure variables, such as NM concentrations, which characterize antimicrobial capac-
ity. Antimicrobial assessment, in combination with p-chem properties, the bacteria being
exposed and the experimental conditions (including protocols and instrumentation), can
provide insights into the factors that affect the antimicrobial capacity. These insights can
be used to construct datasets that will enable the prediction of the antimicrobial capacity
of NMs/NEPs, thus avoiding the need for excessive experimental assessments. Internal
communication with expert partners within the consortium revealed that the biological
interactions of NMs with bacteria or viruses were difficult to predict from the experimental
data. The same NMs prepared with slight variations but the same size distribution, ion
release and zeta potential resulted in different antibacterial functionality. The foregoing
emphasizes the importance of preserving more data. To understand the antimicrobial
determinants, which are crucial for model building, high-quality data is required. We as-
sembled the requirements for a demo scenario of antimicrobial evaluation and the relevant
stakeholders to visualize the information that is presented in the above template (Figure 3).

Figure 3. Visualization of antimicrobial data generation in ASINA. The figure demonstrates a snapshot of data requirements
from diverse partners to ensure that antimicrobial data is useful for project goals and future reusers.
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3.3.1. Nanostructured Materials Descriptors

Nanostructured materials descriptors (Table 2) contain information regarding the
testing material, the p-chem properties and a description of the sample in which the NMs are
incorporated to produce NEPs.

Table 2. Nanostructured materials descriptors that contain information regarding the material, the p-chem properties and
the sample.

Category Variables Content Metadata Description

Testing material

Nanomaterial (NM) Text

NMs/nanoforms tested., ID code (ie., JRCxxx) or CAS for
example. The core nanoform composition element.
In the case of ASINA, a codification is used for internal
communication purposes.

Nanoenabled
products (NEPs) Text

Nanoenabled product tested. In this case, specify the NMs
that were used to produce the final NEP (textiles,
cosmetics, etc.) first. In the comment section, the data
creator can specify whether the antibacterial testing was
performed on naked NMs or NEPs.

Provider/
manufacturer Text

Information related to the provider of NMs/NEPs. In the
case of a project, this information allows for traceability
among partner information exchanges.

Batch Text

A code provided by a manufacturer or distributor to a
manufactured material or product that is anticipated to be
homogeneous after production.
In the case of ASINA, the batch can reflect a sample being
produced and circulated from different partners
for traceability.

P-chem properties

Primary size Number (nm) + SD

According to the EU definition, NM means a natural,
incidental or manufactured material containing particles
in an unbound state or as an aggregate or as agglomerate
and where, for 50% or more of the particles in the number
size distribution, one or more external dimensions is in
the size range of 1—100 nm.

Shape Text

The spatial arrangement of something as being distinct
from its substance. High aspect ratio NMs include
nanotubes and nanowires with diverse shapes. Small
aspect ratio morphologies include spherical, oval, cubic
and pillar [39].

Coating/
stabilizer Text

Indicates the presence of a coating and/or of a stabilizer
agent surrounding the particles [40]. Chemical
composition of a coating layer on a material surface.

Composition Text and number
Chemical composition of a coating layer on a material
surface. The metrics can be expressed as a percentage or a
molar ratio.

Hydrodynamic
diameter Number (nm) + SD

The diameter of a solid sphere that would exhibit the
same hydrodynamic friction as the particle of interest [41].
The determined diameter is an indicator of the apparent
size of the solvated particle that is approximated as being
spherical.

Polydispersity
index (PDI) Number + SD

A measurement of the size distribution, indicating the
uniformity of NMs [42]. A measure of the heterogeneity of
sizes of molecules or particles in a mixture.

Zeta potential Number (mV) + SD

The zeta potential is a measure of the electrical potential
difference between the bulk fluid in which a particle is
dispersed and the layer of fluid containing the oppositely
charged ions that are associated with the
nanoparticle’s surface.
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Table 2. Cont.

Category Variables Content Metadata Description

Medium tested Number Medium in which zeta potential was measured, e.g., water
or culture.

pH tested Number

The pH in which the zeta potential was measured. In cases
such as for cosmetics, the pH value could represent that of
the final NMs solution since the sample is diluted before
the zeta measurement, which results in a different pH.

Density Number (g/mL) Mass (amount) of a material substance per unit
volume [43].

Viscosity Number (cP)
The resistance of a fluid to flow when it is subjected to a
force. The result is usually represented in centipoise (cP),
which is equal to 1 mPa s (millipascal second).

Ion fraction
(equilibrium) Number (wt%)

Released ion mass fraction of particles. Particles in
solution exist in an equilibrium between ions and NMs.
Ions released in suspension represent the synthesis
conversion of ions into NMs. The higher the ion fraction,
the lower the conversion. The value is expressed as a mass
percent of the total testing element [44].

Suspension
concentration

Number
(NM wt% ± SD)

The elemental concentration of NPs in a medium (water,
cell media or biological matrix)

Sample

Application method Text The method of NMs deposition: dip coating, spraying,
sonochemical deposition, etc.

Substrate (matrix type) Text Description of the matrix (polyester fibers, cotton,
polymethylmethacrylate, clay, epoxy, fil, liquid).

Matrix Text Composition of the substrate, e.g., 50% X, 20% Y, 5% Z.

Deposited
concentration

Number
(mg NM/g

product ± SD)

Example: milligrams of active ingredient per gram of
product for cosmetics; milligrams per gram of textile or
grams per meter squared for textiles.

The antimicrobial activities of NMs depend on the composition, p-chem properties
and surface modification [45–48]. Restricting data reporting to minimum essential data
requirements, we focused on a set of p-chem properties (Table 2) rather than extensive
characterization data. Previous studies revealed that properties such as the primary
size [2,49], shape [50] and hydrodynamic diameter [51] play important roles in determining
the antimicrobial activity of NMs [50,52–54]. The antimicrobial capacity of NMs was
shown to be affected by the zeta potential, whose measurement depends on the medium
tested and pH [55,56]. The inclusion of a stabilizer (or capping agent) also has a major
impact on NMs’ bactericidal capability [57,58]. Daly et al. [59] demonstrated the use of
an ML model to discover the link between NM’s p-chem characteristics, experimental
conditions and bacterial viability. The study’s demonstrated the effect of a coating for
predicting bacterial viability. The polydispersity index (PDI) is another significant factor
that affects the antimicrobial capacity, which is a metric of the particle size distribution and
is indicative of the NMs uniformity [60]. Enhanced dispersibility can increase the surface
area of NMs, leading to higher probabilities of interaction with the microorganisms [56]
and more effective prevention of bacterial growth [61]. The ion release, as in the case of
the controlled release of ions on the textile surface [62]; the density functional calculation
properties (structural and electronic) directly related to NMs reactivity [63,64]; and viscosity
can affect the antimicrobial properties of NMs [65,66].

As seen in Figure 3, a sample is usually circulated within the consortium to be tested
for its antimicrobial capacity. Information regarding the sample, such as the application
method (deposition technique) and matrix composition should be captured. There are
several application methods that are used for the deposition of NMs on textiles, such as
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the dip-pad technique [67,68], pad–dry–cure processes [69,70], spraying [71], grafting [72],
dip coating [73], exhaustion method (immersion) [74], ultrasonic agitation and irradia-
tion [75–77]. The finishing of the antimicrobial nanotextile can be categorized into physical
and chemical groups based on the substrate/matrix (fiber) and the NM used. The physical
techniques were demonstrated to be effective for the deposition of NMs on textiles, whereas,
for chemical deposition, strong bonding of NMs to the fibers may considerably decrease the
efficiency of the antimicrobial action of the NMs [78]. The substrates’ antimicrobial capacity
differs based on the matrix/composition surface [79]. For example, wool fabrics that are
coated with AgNMs show higher antimicrobial activity than acrylic fabrics [80]. Some
studies have shown that microorganisms adhere differently to the substrate, for example,
Staphylococcus aureus adheres more strongly to cotton than Escherichia coli does [81,82]. Thus,
information related to microorganisms should be reported (see Section 3.3.2). Provision
of the deposited concentrations of NMs on the matrix is one the most important elements
that can make the data integrable and reusable. The concentration of the deposited NMs is
commonly expressed in milligrams of nanomaterial per gram of product, where the sample
is digested and the elemental concentration is measured.

3.3.2. Experimental Setup Descriptors

The observed antimicrobial activity of NMs depends on two main factors: the p-chem
properties and the experimental setup conditions (Table 3).

Table 3. Experimental setup descriptors.

Category Variables Content Metadata Description

Experimental
conditions

Abrasion cycles Number Number of abrasion cycles.

Abrasion cycles to
specimen breakdown Number

Abrasion cycles to the fabric end-of-life. A physical test
for the assessment of specimen breakdown [83,84].
Specimens abraded under a test pressure using abrasive
cloth for a pre-determined number of cycles or until
failure occurs.

Washing cycles Number Washing cycles.

Exposure
conditions

Exposure dose Number
(e.g., ppm)

The dose exposed to the bacteria/microorganisms.
Example: exposure dose for fabrics calculated in parts per
million by considering the amount of the element on the
fabrics (via ICP analysis) and the weight of fabric (1 g) per
volume of inoculum (50 mL). The data creator should
provide comments regarding what the dose reflects and
how it was derived.

Exposure duration Number (h)
Either exposure duration that an in vitro system is
exposed to or the incubation contact time duration,
depending on the methodology.

Organisms

Culture medium Text Culture medium: information related to the in vitro
biological system exposed.

Initial bacterium
number Text Initial population of bacteria.

Class Text

One of the bacteria classification systems comprises five
kingdoms that are further split into phylum, class, order,
family, genus and species. Examples of class:
Gammaproteobacteria, Sordariomycetes and Bacilli.

Family Text Trichocomaceae, Enterobacteriaceae, Listeriaceae, etc.

Species Text E. coli, P. aeruginosa, K. pneumoniae, etc.

The antimicrobial properties of NEPs are strongly affected by abrasion and the de-
tergents and water used during the washing process [85]. Prior studies have noted the
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importance of the number of washing cycles on the durability and, consequently, the
antimicrobial efficacy of the product [86–88]. Standard methods are required to be followed
for both the abrasion and washing, with defined conditions, such as water temperature,
washing speed, type of detergent and volume of the washing bath. Reporting the followed
protocol allows the next users to identify additional variables of importance. Among
all variables, the number of washing or abrasion cycles is the most important one that
affects the outcome. The type of bacteria species in terms of their cell wall compositions
(Gram-negative/positive) determines the efficacy of NMs capacity [45–48]. Gabrielyan
et al. [89] showed that Fe3O4 NMs exhibited considerable antimicrobial activity against
Gram-negative bacteria, but not Gram-positive bacteria. Therefore, it is important to report
information that is associated with the type of microorganisms exposed. Exposure condi-
tions, such as the duration that the product is in contact with the organisms (incubation
time), play an important role [90]. The exposure dose and duration in in vitro systems play
a critical part in the interpretation of results and should always be reported.

3.3.3. Antimicrobial Capacity

Several endpoints can be examined while performing antimicrobial testing in order
to select the appropriate test system (Table 4). Various methods produce results that
are generally comparable and their suitability is determined by the analytical needs [91].
The choice of the methodology that is used for testing is based on labor and financial
resources [92]. A comprehensive listing of in vitro antimicrobial testing and evidence on
their benefits and restrictions are described in the review study of [93].

Table 4. Measured antimicrobial capacity endpoints.

Category Variables Content Metadata Description

Measured
outcomes

Bacteria reduction
percentage Number (%)

Bacteria reduction is the percentage ratio of the
difference between the reference bacteria
concentration (e.g., inoculum, untreated sample)
and the bacteria concentration after contact with the
sample, and the reference bacteria
concentration [94].

Minimum inhibitory
concentration (MIC) Number (µg/mL)

The MIC is the lowest concentration of antimicrobial
agent that completely inhibits the growth of the
organism in tubes or microdilution wells, as
detected by the unaided eye [95].

Colony-forming unit
concentration (CFU) Number (CFU/mL) Concentration of bacteria that can form a colony.

Minimum bactericidal
concentration (MBC) or

minimum fungicidal
concentration (MFC)

Number (µg/mL)

The MBC is defined as the lowest concentration of
antimicrobial agent that is needed to kill 99.9% of
the final inoculum after incubation for 24 h under a
standardized set of conditions [93]. It is also known
as the minimum lethal concentration (MLC).

Bacteria log reduction Number

Bacteria log reduction is defined as the common
logarithm of the ratio between the bacteria
concentration after contact with the sample and the
reference bacteria concentration (e.g., inoculum,
untreated sample).

Zone of inhibition (ZOI) Number (mm) ZOI is the gap without bacteria colonies around the
sample on a contaminated solid medium.

Optical density at 600 nm
(OD600) Number (absorbance) Optical density at a wavelength of 600 nm is used for

estimating the concentration of bacteria in a liquid.

Half maximal inhibitory
concentration (IC50)

Number (molar
concentration (mol/L))

IC50 is the capacity of a biocidal agent to inhibit the
growth of a specific microorganism.
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Several methods exist to examine and determine the antimicrobial activity of tex-
tiles [95–97]. The experimental data should be created using a single technique to provide
a reliable dataset, although this is impractical. For modeling purposes, the data generated
by a variety of protocols can be merged if the assay is considered. Any procedures that are
applied during the assessment are described in detail in the protocols tab, i.e., sample prepa-
ration techniques, abrasion and washing protocols or antimicrobial assessments protocols.
The template provided as Supplementary Materials includes examples that demonstrate
how all the protocols are reported for p-chem data (TEM, ICP-OES, DLS and ELS), abrasion
and washing stability ((ISO 105-C06, ISO 12947-2 and ISO 12947-3) and for antibacterial
assessment (ASTM E2149-13). The instrumentation details are also included.

3.4. Annotation

The resulting template (measurement tab’s descriptors) is semantically annotated
using founded ontologies (e.g., eNanoMapper ontology, NanoParticle ontology), in com-
pliance with the European Commission Open Data Policy and the FAIR data principles.
By providing a rich metadata description of the dataset’s descriptors and annotating them
improves interoperability and facilitates data interpretation. Adding complete descriptions
is a crucial element of enabling modeling and machine learning purposes.

4. Discussion

The template functions as a thorough spreadsheet that allows users to insert infor-
mation and data on the materials examined, the experimental settings and the measured
endpoints. In addition to the above information, instrumentation and protocols of the
experimental strategies are captured. The template divides the data into tabs for measure-
ments, equipment and protocols, allowing for the investigation of various antimicrobial
tests, such as those performed after abrasion and/or washing cycles.

For example, in our illustration that was populated with realistic data as Supple-
mentary Materials, the next users can identify (i) whether any publication is available
and linked to the specific data generated, (ii) the institution and the personnel (and their
contact details) involved in the data generation and (iii) detailed information related to the
NMs/NEPs that were tested to assess their antimicrobial capacity. In detail, the reusers
can extract or use data flows/rows that provide information on the p-chem properties,
such as size, shape, composition, zeta potential and ion fraction. The p-chem properties are
interlinked with the methodology and protocol used to generate those instances, allowing
for a complete representation of the information in a transparent manner. If the protocol
was applied with alterations, the steps are also reported to allow for reproducibility. In
addition to the protocols, the readers can see the type and models of the instrumentation
used to measure and define the p-chem properties or the desired output. On top of the
p-chem data, the reader can gain information that is related to the sample/material that
was tested, such as the matrix composition or the deposited concentration of NMs, which
is clearly defined with its metrics (i.e., mg NM/g of product and standard deviation) and
the method of application that resulted in that product (such as spray coating technol-
ogy). As Supplementary Information, the experimental conditions (e.g., exposure dose
and duration) of the antimicrobial testing are reported for each line, such as the abrasion
cycles or the washing cycles, along with the protocol and/or instrumentation used. Finally,
the desired outcome is reported (i.e., bacterial reduction, its metric (%) and how it was
defined). In conclusion, the reader has a complete picture of all the information related to
the testing strategy.

Heterogeneity in the formatting of data reporting impedes the evaluation, validation
and/or assimilation of information. The template could be used for future review studies
to collect data in a structured manner, allowing for results that are derived from different
studies and or methods/protocols to be assimilated. This template also allows for future
researchers to reproduce the outcomes or compare experimental settings and results, data
analysts to gather information and apply modeling tools with high quality of data and data
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FAIRifiers involved in databases development and maintenance to capture this ready-to-
be-used information and customize it as a database instance.

The antimicrobial activities of NMs depend on the p-chem properties, composition
and surface modification. Yang et al. [2] provide a summary of NMs that were tested for
antimicrobial activity while showing the mean size and shape and the microorganisms
(bacteria/fungi) tested. However, a review is still missing where the entire knowledge of
p-chem properties and experimental conditions are summarized in order to facilitate future
data extraction from studies. Computational tools can help to diminish the design space by
forecasting the properties of desired NMs before synthesis, allowing for a better interpreta-
tion of their characteristics and effects while decreasing the amount of experimental trial
and error.

Experiments with various methodologies are used to generate data. Standard pro-
cesses should be followed while creating reliable datasets, datasets should be sufficiently
large and values should be appropriate for in silico usage. There is still a long way to go to
analytically address the key antibacterial properties of NMs that characterize their efficacy
without a consensus on standard characterization methods, or reference microorganisms
and standardized assays [23]. In addition to the standardization of methods, further har-
monized outlines should be developed on how to report the p-chem properties of NMs
or experimental environments and how to make these measurements analogous. The
absence of metadata descriptions for experimental assays also has an impression on the
transparency and, therefore, quality of the findings.

Several ongoing EU projects are focused on the SSbD notion for NMs and NEPs, for ex-
ample, ASINA https://www.asina-project.eu/ (accessed on 27 November 2021), SAbyNA
https://www.sabyna.eu/ (accessed on 27 November 2021), SABYDOMA https://www.
sabydoma.eu/ (accessed on 27 November 2021), SbD4Nano https://www.sbd4nano.eu/
(accessed on 27 November 2021), HARMLESS https://www.harmless-project.eu/ (ac-
cessed on 27 November 2021) and SUNSHINE https://www.h2020sunshine.eu/ (accessed
on 27 November 2021). An SSbD approach will require the knowledge of NPs’/NEPs’
functionalities in order to achieve enhanced products with minimal toxicity and maximized
performance/functionality. Antimicrobial testing falls into the category of functionality.
The same dataset can be used to report findings that fall into a different category, such as
anti-aging or antioxidant capacities, by simply inserting a column into the spreadsheet,
allowing one template to capture diverse information around the functionality aspect of
NMs or NEPs. According to the minimum requirement principle of FAIRness, we have
restricted the p-chem properties to those (by consensus) that are the most important to
the outcome. For example, in the case of cosmetic NEPs, density and viscosity should
be reported, along with the anti-aging capacity. This means there may be features in the
template that are not relevant to other outcomes, for example, the abrasion or washing
cycles are applicable only in the case of textiles durability and antimicrobial retention
capacity. The template can be useful in projects around the SSbD aspect by allowing the
data creators to report the data in a systematic way, ultimately allowing for the integration
of knowledge that was derived from different projects.

As per the FAIR principles, the metadata description and annotation element promote
interoperability and reusability by explaining the framework in which the data were ac-
quired. Simultaneously, adequate metadata permits reusers to determine whether they can
utilize the data in contexts other than those for which it was originally aimed [33]. In order
to do so, we used several ontological IDs from diverse libraries (such as eNanoMapper
https://bioportal.bioontology.org/ontologies/ENM (accessed on 27 November 2021) and
NanoParticle Ontology https://bioportal.bioontology.org/ontologies/NPO (accessed on
27 November 2021)). Jeliazkova et al. [18] presented an overview of the eNanoMapper
database, as well as the data it contains and the approach, suggestions and challenges
to FAIRifying data. The authors emphasize the deficiency of reusable, organized data,
as well as the necessity for simple and straightforward reporting formats, metadata ex-
planations, ontologies and standardized nomenclature. The authors acknowledged that

https://www.asina-project.eu/
https://www.sabyna.eu/
https://www.sabyna.eu/
https://www.sabydoma.eu/
https://www.sabydoma.eu/
https://www.sbd4nano.eu/
https://www.harmless-project.eu/
https://www.h2020sunshine.eu/
https://bioportal.bioontology.org/ontologies/ENM
https://bioportal.bioontology.org/ontologies/ENM
https://bioportal.bioontology.org/ontologies/NPO
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the data given at the moment is insufficient for computational objectives. This template’s
terminology, metadata description and the inclusion of the experimental protocol and set-
tings can help the community’s effort toward the FAIR goal. The eNanoMapper database
provides a FAIR-aligned Nanosafety Data Interface https://search.data.enanomapper.net/
(accessed on 27 November 2021), with a search application to discover data across database
instances [18]. Among the diverse data that are available, we did not find any dataset
containing antimicrobial capacity data, signifying the importance of initiating the captur-
ing of these data in a systematic way. For the moment, antimicrobial data is not yet in a
format that is suitable for reusable purposes (available only scattered in literature), and
tremendous efforts are needed to be put into extracting data (Mirzaei et al. [23]).

From the standpoint of a data shepherd, the most difficult element was transitioning
from the questionnaire’s defined and summarized information to the comprehensive
condition of a data entry template. Data creators, for example, were required to deliver
information regarding the p-chem characteristics of the NMs based on their responses to
the questionnaire. However, from the initial questionnaire that was distributed among
the partners, ambiguity around which p-chem properties to report was evident. Internal
communication between the partners provides clarity and helps to reach a consensus
among partners regarding project goals. For instance, one partner suggested that the
amount released under use and testing conditions is needed in order to demonstrate
a material’s capacity to retain antimicrobial functionality. However, after the internal
calls, a consensus on alternatives was reached and such information was not required
to be reported/tested by different partners. Details like this reveal the communication
importance among the stakeholders, which is often underestimated in large consortia.
Some partners provided only information as an internal protocol. The role of the data
shepherd in this case, for example, is to disclose the information of the protocol and make
the data reusable and transparent.

In ASINA, data shepherds consider their data responsibility as a stream of efforts
by data creators and partners. Dedicated data-capturing calls are performed periodically
with all the stakeholders, where data requirements and data logging into templates are
discussed. This improves the data consistency and quality while ensuring improved
communication. This also streamlines data collecting procedures and ensures that the
data is directly applicable to reusers. The connection between the data shepherd and the
data creators is crucial to the reliability, quality and application of the data generation and
capturing strategy [33].

Because contextual information and metadata are often lacking, reproducing com-
prehensive measurements might be difficult. Communication is frequently overlooked as
being less crucial than conducting scientific experiments. The main obligations for the data
shepherd are expediting communication and awareness between the stakeholders of the
data to be captured while constantly emphasizing the necessity of metadata reporting. Data
FAIRness represents a challenge for the scientific experimental data and, most importantly,
a mental shift of the scientific community toward data reporting. Data shepherding’s
innovative role is emerging [33]. The shepherd does not disturb the experimental design;
instead, they facilitate information flow and assure appropriate data and metadata gather-
ing. The ability to communicate each stakeholder’s needs in a clear and thorough manner
is critical to this responsibility. The shepherd is a devoted role in several fields that should
not be reflected as a negligible calling, as it is responsible for the project data synopsis,
communication administration, case-specific data template creations, data FAIRification
and ensuring the mental shift of the community toward FAIR data. Data shepherding
for a multi-partner scientific research collaboration necessitates separate procedures and
resources.

5. Conclusions

Functionality data are the cornerstone data as they precede health- and environmental-
related data; they quantitively comprise the reason safety is even considered. In this paper,

https://search.data.enanomapper.net/
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we demonstrate the data shepherd template creation workflow and its related steps. We
provide the template for experimentalists primarily to report findings in a FAIR way and
secondarily for the nanocommunity to enrich material behavioral insights and accelerate
innovation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11121486/s1, Data template.

Author Contributions: Conceptualization, I.F.; methodology, I.F., A.V., H.S., M.M., V.B., I.T.T. and
M.B.; validation, I.F., A.V., H.S., M.M., V.B., I.T.T. and M.B.; investigation, A.V., H.S., M.M., V.B.,
I.T.T. and M.B.; resources, A.V., H.S., M.M., V.B., I.T.T. and M.B.; data curation, I.F.; writing—I.F.;
writing—review and editing, A.V., H.S., M.M., V.B., I.T.T. and M.B.; visualization, I.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Union’s Horizon 2020 research and innovation
program under grant agreement No. 862444.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank María Llorente and Belen Rodriguez from
Bionanoplus, Ilaria Zanoni from ISTEC and Claudia Vineis from STIIMA for their valuable knowledge
exchange on functionality data and the preliminary results of coated nanoenabled products. The
authors would also like to thank Anastasios G. Papadiamantis of NanoCommons for helping with
the data annotation and the Transnational Access Activities of the Horizon 2020 e-infrastructure
project NanoCommons (grant agreement no.: 731032) for general assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ventola, C.L. The antibiotic resistance crisis: Part 1: Causes and threats. Pharm. Ther. 2015, 40, 277–283.
2. Yang, X.; Chung, E.; Johnston, I.; Ren, G.; Cheong, Y.K. Exploitation of Antimicrobial Nanoparticles and Their Applications in

Biomedical Engineering. Appl. Sci. 2021, 11, 4520. [CrossRef]
3. Davey, M.E.; O’Toole, G.A. Microbial biofilms: From ecology to molecular genetics. Microbiol. Mol. Biol. Rev. 2000, 64, 847–867.

[CrossRef] [PubMed]
4. Phillips, K.S.; Patwardhan, D.; Jayan, G. Biofilms, medical devices, and antibiofilm technology: Key messages from a recent

public workshop. Am. J. Infect. Control. 2015, 43, 2–3. [CrossRef]
5. Gajdács, M.; Urbán, E.; Stájer, A.; Baráth, Z. Antimicrobial Resistance in the Context of the Sustainable Development Goals: A

Brief Review. Eur. J. Investig. Health Psychol. Educ. 2021, 11, 71–82. [CrossRef]
6. Ruparelia, J.P.; Chatterjee, A.K.; Duttagupta, S.P.; Mukherji, S. Strain specificity in antimicrobial activity of silver and copper

nanoparticles. Acta Biomater. 2008, 4, 707–716. [CrossRef]
7. Alavi, M.; Rai, M. Recent advances in antibacterial applications of metal nanoparticles (MNPs) and metal nanocomposites (MNCs)

against multidrug-resistant (MDR) bacteria. Expert Rev. Anti-Infect. Ther. 2019, 17, 419–428. [CrossRef]
8. Hariharan, H.; Al-Harbi, N.; Karuppiah, P.; Rajaram, S. Microbial synthesis of selenium nanocomposite using Saccharomyces

cerevisiae and its antimicrobial activity against pathogens causing nosocomial infection. Chalcogenide Lett. 2012, 9, 509–515.
9. Saqib, S.; Zaman, W.; Ullah, F.; Majeed, I.; Ayaz, A.; Hussain Munis, M.F. Organometallic assembling of chitosan-Iron oxide

nanoparticles with their antifungal evaluation against Rhizopus oryzae. Appl. Organomet. Chem. 2019, 33, e5190. [CrossRef]
10. Asghar, M.; Habib, S.; Zaman, W.; Hussain, S.; Ali, H.; Saqib, S. Synthesis and characterization of microbial mediated cadmium

oxide nanoparticles. Microsc. Res. Tech. 2020, 83, 1574–1584. [CrossRef]
11. Bhati-Kushwaha, H.; Malik, C. Assessment of Antibacterial and Antifungal Activities of Silver Nanoparticles Obtained from the

Callus Extracts (Stem and Leaf) of Tridax procumbens L. Indian J. Biotechnol. 2014, 13, 114–120.
12. Bhavnani, S.M.; Krause, K.M.; Ambrose, P.G. A Broken Antibiotic Market: Review of Strategies to Incentivize Drug Development;

Oxford University Press US: Oxford, England, 2020.
13. Bush, K.; Pucci, M.J. New antimicrobial agents on the horizon. Biochem. Pharmacol. 2011, 82, 1528–1539. [CrossRef]
14. Cheesman, M.J.; Ilanko, A.; Blonk, B.; Cock, I.E. Developing new antimicrobial therapies: Are synergistic combinations of plant

extracts/compounds with conventional antibiotics the solution? Pharmacogn. Rev. 2017, 11, 57.
15. Furxhi, I.; Murphy, F.; Mullins, M.; Arvanitis, A.; Poland, C.A. Practices and Trends of Machine Learning Application in

Nanotoxicology. Nanomaterials 2020, 10, 116. [CrossRef]

https://www.mdpi.com/article/10.3390/coatings11121486/s1
https://www.mdpi.com/article/10.3390/coatings11121486/s1
http://doi.org/10.3390/app11104520
http://doi.org/10.1128/MMBR.64.4.847-867.2000
http://www.ncbi.nlm.nih.gov/pubmed/11104821
http://doi.org/10.1016/j.ajic.2014.09.019
http://doi.org/10.3390/ejihpe11010006
http://doi.org/10.1016/j.actbio.2007.11.006
http://doi.org/10.1080/14787210.2019.1614914
http://doi.org/10.1002/aoc.5190
http://doi.org/10.1002/jemt.23553
http://doi.org/10.1016/j.bcp.2011.07.077
http://doi.org/10.3390/nano10010116


Coatings 2021, 11, 1486 16 of 18

16. Adir, O.; Poley, M.; Chen, G.; Froim, S.; Krinsky, N.; Shklover, J.; Shainsky-Roitman, J.; Lammers, T.; Schroeder, A. Integrating
Artificial Intelligence and Nanotechnology for Precision Cancer Medicine. Adv. Mater. 2020, 32, 1901989. [CrossRef]

17. Winkler, D.A. Role of Artificial Intelligence and Machine Learning in Nanosafety. Small 2020, 16, 2001883. [CrossRef]
18. Jeliazkova, N.; Apostolova, M.D.; Andreoli, C.; Barone, F.; Barrick, A.; Battistelli, C.; Bossa, C.; Botea-Petcu, A.; Châtel, A.;

De Angelis, I.; et al. Towards FAIR nanosafety data. Nat. Nanotechnol. 2021, 16, 644–654. [CrossRef]
19. Furxhi, I.; Murphy, F.; Mullins, M.; Arvanitis, A.; Poland, C.A. Nanotoxicology data for in silico tools: A literature review.

Nanotoxicology 2020, 14, 612–637. [CrossRef]
20. Dunning, A.; Smaele, M.; Bohmer, J. Are the FAIR Data Principles fair? Int. J. Digit. Curation 2017, 12, 177–195. [CrossRef]
21. Boeckhout, M.; Zielhuis, G.A.; Bredenoord, A.L. The FAIR guiding principles for data stewardship: Fair enough? Eur. J. Hum.

Genet. 2018, 26, 931–936. [CrossRef]
22. Tropsha, A.; Mills, K.C.; Hickey, A.J. Reproducibility, sharing and progress in nanomaterial databases. Nat. Nanotechnol. 2017, 12,

1111–1114. [CrossRef]
23. Mirzaei, M.; Furxhi, I.; Murphy, F.; Mullins, M. A Machine Learning Tool to Predict the Antibacterial Capacity of Nanoparticles.

Nanomaterials 2021, 11, 1774. [CrossRef]
24. van Vlijmen, H.; Mons, A.; Waalkens, A.; Franke, W.; Baak, A.; Ruiter, G.; Kirkpatrick, C.; da Silva Santos, L.O.B.; Meerman, B.;

Jellema, R.; et al. The Need of Industry to Go FAIR. Data Intell. 2020, 2, 276–284. [CrossRef]
25. Wise, J.; de Barron, A.G.; Splendiani, A.; Balali-Mood, B.; Vasant, D.; Little, E.; Mellino, G.; Harrow, I.; Smith, I.; Taubert, J.; et al.

Implementation and relevance of FAIR data principles in biopharmaceutical R&D. Drug Discov. Today 2019, 24, 933–938.
26. European Commission. Communication from the Commission to the European Parliament, the European Council, the Council, the

European Economic and Social Committee and the Committee of the Regions a New Industrial Strategy for Europe; Secretariat-General:
Brussels, Belgium, 2020.

27. European Commission. Communication from the Commission to the European Parliament, the Council, the European Economic and Social
Committee and the Committee of the Regions Chemicals Strategy for Sustainability towards a Toxic-Free Environment; Secretariat-General:
Brussels, Belgium, 2020.

28. European Commission. H2020 Programme: Guidelines on FAIR Data Management in Horizon 2020; Directorate-General for Research
& Innovation: Brussels, Belgium, 2016.

29. Romanos, N.; Kalogerini, M.; Koumoulos, E.P.; Morozinis, A.K.; Sebastiani, M.; Charitidis, C. Innovative Data Management in
advanced characterization: Implications for materials design. Mater. Today Commun. 2019, 20, 100541. [CrossRef]

30. Wilkinson, M.D.; Dumontier, M.; Aalbersberg, I.J.; Appleton, G.; Axton, M.; Baak, A.; Blomberg, N.; Boiten, J.-W.;
da Silva Santos, L.B.; Bourne, P.E.; et al. The FAIR Guiding Principles for scientific data management and stewardship.
Sci. Data 2016, 3, 160018. [CrossRef]

31. Jacobsen, A.; de Miranda Azevedo, R.; Juty, N.; Batista, D.; Coles, S.; Cornet, R.; Courtot, M.; Crosas, M.; Dumontier, M.;
Evelo, C.T.; et al. FAIR Principles: Interpretations and Implementation Considerations. Data Intell. 2020, 2, 10–29. [CrossRef]

32. Bloemers, M.; Montesanti, A. The FAIR Funding Model: Providing a Framework for Research Funders to Drive the Transition
toward FAIR Data Management and Stewardship Practices. Data Intell. 2020, 2, 171–180. [CrossRef]

33. Papadiamantis, A.G.; Klaessig, F.C.; Exner, T.E.; Hofer, S.; Hofstaetter, N.; Himly, M.; Williams, M.A.; Doganis, P.; Hoover, M.D.;
Afantitis, A.; et al. Metadata Stewardship in Nanosafety Research: Community-Driven Organisation of Metadata Schemas to
Support FAIR Nanoscience Data. Nanomaterials 2020, 10, 2033. [CrossRef]

34. Eleraky, N.E.; Allam, A.; Hassan, S.B.; Omar, M.M. Nanomedicine Fight against Antibacterial Resistance: An Overview of the
Recent Pharmaceutical Innovations. Pharmaceutics 2020, 12, 142. [CrossRef]

35. Furxhi, I.; Arvanitis, A.; Murphy, F.; Costa, A.; Blosi, M. Data Shepherding in Nanotechnology. The Initiation. Nanomaterials 2021,
11, 1520. [CrossRef] [PubMed]

36. Furxhi, I.; Koivisto, A.J.; Murphy, F.; Trabucco, S.; Del Secco, B.; Arvanitis, A. Data Shepherding in Nanotechnology. The Exposure
Field Campaign Template. Nanomaterials 2021, 11, 1818. [CrossRef] [PubMed]

37. Furxhi, I.; Massimo, P.; Murphy, F.; Costa, A. A Data Driven Methodological Sustainable and Safe by Design Approach and Tool.
Front. Bioeng. Biotechnol. Nanobiotechnol. 2021, paper under Review: Perspective.

38. Powers, C.M.; Mills, K.A.; Morris, S.A.; Klaessig, F.; Gaheen, S.; Lewinski, N.; Ogilvie Hendren, C. Nanocuration workflows: Es-
tablishing best practices for identifying, inputting, and sharing data to inform decisions on nanomaterials. Beilstein J. Nanotechnol.
2015, 6, 1860–1871. [CrossRef] [PubMed]

39. Holec, D.; Dumitraschkewitz, P.; Vollath, D.; Fischer, F.D. Surface energy of Au nanoparticles depending on their size and shape.
Nanomaterials 2020, 10, 484. [CrossRef] [PubMed]

40. Gholami, A.; Habibi, B.; Matin, A.A.; Samadi, N. Controlled release of anticancer drugs via the magnetic magnesium iron
nanoparticles modified by graphene oxide and polyvinyl alcohol: Paclitaxel and docetaxel. Nanomed. J. 2021, 8, 200–210.

41. Yi, Z.; Loosli, F.; Wang, J.; Berti, D.; Baalousha, M. How to distinguish natural versus engineered nanomaterials: Insights from the
analysis of TiO2 and CeO2 in soils. Environ. Chem. Lett. 2020, 18, 215–227. [CrossRef]

42. Sarker, N.C.; Ray, P.; Pfau, C.; Kalavacharla, V.; Hossain, K.; Quadir, M. Development of functional nanomaterials from wheat
bran derived arabinoxylan for nucleic acid delivery. J. Agric. Food Chem. 2020, 68, 4367–4373. [CrossRef]

43. Shen, X.; Wang, Z.; Gao, X.; Zhao, Y. Density Functional Theory-Based Method to Predict the Activities of Nanomaterials as
Peroxidase Mimics. ACS Catal. 2020, 10, 12657–12665. [CrossRef]

http://doi.org/10.1002/adma.201901989
http://doi.org/10.1002/smll.202001883
http://doi.org/10.1038/s41565-021-00911-6
http://doi.org/10.1080/17435390.2020.1729439
http://doi.org/10.2218/ijdc.v12i2.567
http://doi.org/10.1038/s41431-018-0160-0
http://doi.org/10.1038/nnano.2017.233
http://doi.org/10.3390/nano11071774
http://doi.org/10.1162/dint_a_00050
http://doi.org/10.1016/j.mtcomm.2019.100541
http://doi.org/10.1038/sdata.2016.18
http://doi.org/10.1162/dint_r_00024
http://doi.org/10.1162/dint_a_00039
http://doi.org/10.3390/nano10102033
http://doi.org/10.3390/pharmaceutics12020142
http://doi.org/10.3390/nano11061520
http://www.ncbi.nlm.nih.gov/pubmed/34201308
http://doi.org/10.3390/nano11071818
http://www.ncbi.nlm.nih.gov/pubmed/34361203
http://doi.org/10.3762/bjnano.6.189
http://www.ncbi.nlm.nih.gov/pubmed/26425437
http://doi.org/10.3390/nano10030484
http://www.ncbi.nlm.nih.gov/pubmed/32182652
http://doi.org/10.1007/s10311-019-00926-5
http://doi.org/10.1021/acs.jafc.0c00029
http://doi.org/10.1021/acscatal.0c03426


Coatings 2021, 11, 1486 17 of 18

44. Durán, N.; Durán, M.; De Jesus, M.B.; Seabra, A.B.; Fávaro, W.J.; Nakazato, G. Silver nanoparticles: A new view on mechanistic
aspects on antimicrobial activity. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 789–799. [CrossRef]

45. Hajipour, M.J.; Fromm, K.M.; Ashkarran, A.A.; de Aberasturi, D.J.; de Larramendi, I.R.; Rojo, T.; Serpooshan, V.; Parak, W.J.;
Mahmoudi, M. Antibacterial properties of nanoparticles. Trends Biotechnol. 2012, 30, 499–511. [CrossRef]

46. Nel, A. Atmosphere. Air pollution-related illness: Effects of particles. Science 2005, 308, 804–806. [CrossRef]
47. Soenen, S.J.; Rivera-Gil, P.; Montenegro, J.-M.; Parak, W.J.; De Smedt, S.C.; Braeckmans, K. Cellular toxicity of inorganic

nanoparticles: Common aspects and guidelines for improved nanotoxicity evaluation. Nano Today 2011, 6, 446–465. [CrossRef]
48. Nel, A.E.; Mädler, L.; Velegol, D.; Xia, T.; Hoek, E.M.; Somasundaran, P.; Klaessig, F.; Castranova, V.; Thompson, M. Understanding

biophysicochemical interactions at the nano–bio interface. Nat. Mater. 2009, 8, 543–557. [CrossRef]
49. Lallo da Silva, B.; Caetano, B.L.; Chiari-Andréo, B.G.; Pietro, R.C.L.R.; Chiavacci, L.A. Increased antibacterial activity of ZnO

nanoparticles: Influence of size and surface modification. Colloids Surf. B Biointerfaces 2019, 177, 440–447. [CrossRef]
50. Pal, S.; Tak, Y.K.; Song, J.M. Does the Antibacterial Activity of Silver Nanoparticles Depend on the Shape of the Nanoparticle? A

Study of the Gram-Negative Bacterium Escherichia coli. Appl. Environ. Microbiol. 2007, 73, 1712–1720. [CrossRef]
51. Suttiponparnit, K.; Jiang, J.; Sahu, M.; Suvachittanont, S.; Charinpanitkul, T.; Biswas, P. Role of surface area, primary particle size,

and crystal phase on titanium dioxide nanoparticle dispersion properties. Nanoscale Res. Lett. 2011, 6, 27. [CrossRef]
52. Tang, S.; Zheng, J. Antibacterial Activity of Silver Nanoparticles: Structural Effects. Adv. Healthc. Mater. 2018, 7, 1701503.

[CrossRef]
53. Simon-Deckers, A.; Loo, S.; Mayne-L’hermite, M.; Herlin-Boime, N.; Menguy, N.; Reynaud, C.; Gouget, B.; Carrière, M. Size-,

Composition- and Shape-Dependent Toxicological Impact of Metal Oxide Nanoparticles and Carbon Nanotubes toward Bacteria.
Environ. Sci. Technol. 2009, 43, 8423–8429. [CrossRef]
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