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Executive Summary

This deliverable represents a compiled knowledge on classifications, ontologies, labels, actors, tools
and other types of data sources and structures in the field of biomaterials. Special emphasis in the
process of data collection is put on the DEBBIEeptas it constitutes the basis for all following
activities. Additionally, to identify capability gaps in the field this document aims to provide a market
overview, a collection of already existing similar databases and marketplaces, as well as a icompilat

of technical solutions and relevant initiatives. Based upon the alnoswtioned actions the deliverable
constitutes an essential resource for all the next steps and related development activities in the
BIOMATDB projectthe creation of a biomaterialdatabase and a biomaterials marketplace and label

of biocompatibility. In this context, the following actions and related outcomes are comprehensively
described. Several definitions of biomaterials are outlined and a glossary with explanations of
important terms in the field of biomaterials is presented. Next, the biomaterials landscape is sketched
out, an overview of the current biomaterials market is given and possible future developments in the
biomaterials market are discussed. To ensure that the ptg¢echnical solutions deliver information,
which is upto-date with relevant regulatory frameworks, policies and standards, deliverable D2.1
reviews regulatory requirements in the field of biomaterials and biomatdrdesled medical devices
including reévant 1SO standards. Further, important sources of information on biomaterials are
outlined including journal and clinical trial repositories, raw data collections and patent databases,
already existing ontologies for biomaterials apidmaterials databaseand other relevant material
databases that are not specialised on medical biomaterials. Additionally, the document seeks to
elaborate how intelligent data processing platforms and technical approaches have been designed and
applied in the biomaterials did to date. To achieve this, the consortium provides an overview of
already existing marketplaces for biomaterials, and related products such as medical devices based on
biomaterials. As one of the focal points of the BIOMATDB project, the documentresdptar decision
support processes (digital advisors) can enhance marketplaces, and a number of marketplaces that
already use such tools are presented. Last but not least, to highlight the possibility of exploiting existing
developments in the field, the digerable presents projects, in which members of the BIOMATDB
consortium were involved as well as initiatives, which were carried out by external consortia and with
which the BIOMATDB project would like to collaborate.
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1 Introduction

1.1 Overview

As a multidisciplinary field, the design and development of new biomaterials, devices, implants or
Advanced Therapy Medicinal Produ¢ssTMP$ and their commercialization involves the collection
and analysis of many types of data, ranging from physicochemical propertiesarnateost clinical

data, regulatory information and even market data. All these combine to form a vast amount of
cbiomategrialsdatg# FTNRY | ¢gARS @FNASGe 2F a2d2NDSaz GKI G
of different biomaterials or select a biomaterial for a specific medical application.

The aim of this deliverable is to provide a wide overview of relevantnmtion and actors in the
biomaterials field and of tools to obtain information about biomaterials at different levels. With regard
to the planned outcomes of the BIOMATDB project, a biomaterials database and a biomaterials
marketplace, this deliverable pvales a market overview, a collection of already existing similar
databases and marketplacess well as a compilation of technical solutions and relevant projects to
identify the gaps in this field.

In summary, Deliverable 2.1 provides a compilationxa$teng knowledge, classifications, ontologies,
data sources and structures in the context of biomaterials and related disciplines and insights from
former projects covering related materials, especially from the DEBBIE project as the basis for all
following activities. This document will be a source of relevant data to be employed in the upcoming
sections of the BIOMATDB project.

1.2 Relation to other tasks and deliverables
This deliverable is related to the following otHi@iIOMATDBasks and deliverables:

Receives inputs from:

Tablel. D2.1Input from other tasks and deliverables

Deliverable  Due Date Input for D2.1

D1.1 31.07.2022 | Kickoff meeting report: Workshop session about stakeholders
categorisation

Provides outputs to:

Table2. D2.10utput for other tasks and deliverables

Deliverable  Due Date Output from D2.1

D2.2 31.01.2023 | Information on the biomaterial landscape and stakeholders for
surveycreation

D2.3 31.01.2023 | Existing knowledge to be used for the definition of meta use ¢
and label specifications

D2.4 31.05.2024 ' Information on the biomaterial landscape and stakeholders for
survey creation

© 2023 BIOMATDB HORIZON CL42021-RESILIEN@HE-25 | 101058779
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D2.5 30.09.2024 | Knowledge compilation as a starting point for the data collectiol

D3.1 28.02.2023 | Inputs for the conception of the BIOMATDB database
marketplace

As this deliverable serves as a compilation of knowledge, ,data other sources of information

available in the field of biomaterials, its content will not oséyve as a basfer the deliverables listed

above, but essentially for all following developmentithin the BIOMATDB project and future

RSt AOSNIrofSa Fa ¢Stf a Ittt Grala NBfFGISRs 2 (KS
database, marketplace, artle label of biocompatibility.

1.3 Structure of the deliverable

This deliverable is structured as follows: Chapteoutlines the overall purpose and aim of this
deliverable. Chaptel describes the tools, processes, and strategies the consortiaeused to
compile a comprehensive set of information sources and resesiwhich have been summarised in
this reportto provide an overview of the biomaterials landscape. Chaptsummarises important
facts, figuresand requirements from the field of biomaterials:

A Definitions of biomaterials are outlined and a glossary with explanations of important terms in
the field of biomaterials is presented

A The biomaterials landscape is sketched out, an overview of the cubiematerials market is
given and possible future developments in the biomaterials market are discussed

A Regulatory requirements in the field of biomaterials and biomatebased medical devices are
reviewed

A Relevant ISO standards in the field of biomdals are outlined.

Chapter4 provides an overview of important sources of information on biomaterials. These include
general resources such as jaal and clinical trial repositories, raw data collections and patent
databases, already existing ontologies for biomaterials and biomateashbasesand other relevant
material databases that are not specialised in medical biomaterials.

Chapter5 outlines how Intelligent Data Processing platforms and technical approaches have been
designed and applied in the biomaterials field to date.

In chapte 6, an overview of already existing marketplaces for biomaterials, and related products such
as medical devices based on biomaterials, is given. In addition, as this will be one of the focal points of
the BIOMATDB project, éxplainshow decision support mcesses (digital advisors) can enhance
marketplaces, andescribesa number of marketplaces that already use such tools.

Chapter7 presents on thene hand, projects in which members of the BIOMATDB consortium were
involved and from whose results and experiences the BIOMATDB project can benefit and, on the other
hand, projects that were carried out by external consortia and with which the BIOMATdptp

would like to collaborate.

Last but not leastchapter8 analyses the existing knowledge and tools to identify gaps & limitations
that the BOMATDB project aims to fill in. Finally, chagiesummarises the results in the conclusion
section.
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2 Approaches to the structurecknowledge compilation and
material collection

As already mentioned above, the objective of D&Y Y 2 6 f SRIAS O2YLAt I GA2Yy YR
O2ft t S dha BIPMATDB project is to compile a comprehensive baseline report containing
knowledge about théiomateriaklandscape and market as well as knowledge relevatii¢@reation

of the biomaterials database and marketplace. This includes biomaterial terminologies and definitions,
classifications of biomaterials, existing ontologies and (technical)oappes in the context of
(bio)materials databasge marketplaces and digital advisors. In order to fulfil the requirements of D2.1

it was essential to utilise the combined resources and experiences of the partners as well as an
elaborate literature and ontie research to establish a large collection of existing knowledge and
materials.

To facilitate a structured collection of knowledge and materials, the consortium utilised a set of tools
to structure and monitor the progress of the collection. These tamid strategies consisted of the
definition of clear search foci and starting points for the search as well as the provision of spreadsheets
to collect knowledge and resources in a structured way and to monitor the progress of the search of
each consortiunmember. These tools and strategies are presented in the following sections.

2.1 Definition of search focisegmentation of stakeholders, entities and materials

As a first step, the search was broken down into different segments aimed at getting an overview of
the biomaterials landscape, the biomaterials market as well as progevant knowledge and
resources. These subcategories, entities and stakeholders that we wanted to search for in particular,
consisted of demanders and suppliers of biomaterials, emaplevents, investors in the field,
marketplacesand online platforms, products, publications such as journals, books or whitepapers and
the research community (s€Bable3).

It is important to note that this segmentation was done at the very beginning of the project. The
naming of the different groups must therefore be taken with caution. For example, based on the state
of knowledge at the beginning of the projectewonsidered on the side of the suppliers, biomaterials

or medical device manufacturers and companies, the biomedical engineering industry, the smart
healthcare/tech sector, SMEand startups and on the demander side hospitals, physicians, medical
procurers or procurement groups. Additionally, we assigned researchers and the scientific community
to a separate group as they represent an essential stakeholder group, especially with regard to the
biomaterials databasdn the course of the stakeholdgiknowledge and material collection we later
noticed that the distinction between demanders and suppliers is not always straightforward.
Depending on which requirements the BIOMATDB solutions (the biomaterials database and the
biomaterials marketplace) will fulfin the end and which biomaterials in which stage of development
they will contain, the classification may change. This challenge can be explained by the following
example:at the moment, the collection of products contains raw biomaterial products a6 age
medical devices made out of biomaterials. Similarly, the collection of suppliers contains companies
providing raw biomaterials as well as medical device manufacturers. At this stage, the project can still
develop in several directions, especiaigardingthe marketplace. For the marketplace, the focus will
either be placed on offering raw biomaterials or on offering biomatdy&ded medical devices. If raw
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biomaterials are offered, the classification of medical device manufacturers as suppliers leitger

be correct- rather, they will have to be assigned to the demanders group. However, for the purpose

of the knowledge collection for this deliverable, we worked with the segmentation as outlifieabie

3.

Entities

Demanders

Table3. Segmentation of stakeholders, entities and materials

Description

Demanders are stakeholders that are potentially interes

in buying biomateriakbased products and in using th
solutions provided by thebiomaterials marketplaceand
advanced database.

Potential demanders are, for example, hospitals, hosp
groups or associations, purchasing networks, cent
purchasing bodies, public organisations, physicians, nuf
homes, universities or others.

Examples

RESAH, Texas A&M
University College of
Engineering, ORPEA
Group, Ramsay Health
Care

Suppliers

Suppliers are manufacturers, developers and/or vendor
products or services, in the context of biomaterials. T
group includes companies that develop, manufacture ang
sell raw biomaterials doiomateriatbasedproducts, such ag
medical devices, psgiheses, implants or components
medical devices. Other suppliers would be companies
provide contract manufacturing services (CMS), compa
or laboratories that offer testing solutions (e.
biocompatibility testing) or other relevant entities.

formlabs, Orchid
Orthopaedic Solution,
Stryker, Resorba Stratasyj
Sagemax, Biomomentum

Products

The list of products contains a collection of biomateri
They can be medical devices (made of, or contait
biomaterials), therapies based on biomaterialacls as
ATMP, components of medical devices, raw or sha
biomaterials and others.

OSTENE Bone Hemostas|
Material, 4Degra® resin
inks, SafeSept®, PERLE
by GCA, A2® Short Stem
TheraPEA

Enablers

Enablers create economic opportunities through t
involvement in the process between the exchange
demanders and suppliers. In other words, enablers exis
keep the different stakeholders connected as well as
connect new stakeholders through events such as fa
Potential enablers could be biomaterialsocgeties,
associations, foundationsaand networks in the context o
biomaterials or others.

European Society for
Biomaterials, IUSBSE,
SSB+RM, MedTech
Europe, AO CMF

Events

Events could be conferences, expositions or sinj
occasions connected tmedical devices or biomaterials.

International Conference
Bioceramics32, f2World
Biomaterials Congress
(WBC)

Projects

Projects related to BIOMATDB, similar to BIOMATDB,
projects relevant in the project context (e.dor possible
collaborations).

TBMED, SAFE-
MEDTECH, MDOT,
ENANOMAPPER

Marketplaces +

Online
Platforms

The list of marketplaces collects platforms that 9
biomaterials products or services from multiple suppliers
mediate contacts between suppliers and demanders in of
to sell bomaterials products or services (B2B). Furthermg
platforms where information about biomaterials can

MD+DI, Medical EXPO,
The Biomaterial Store,
GUDID, Wound Refence
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found or databases in the context of biomaterials should
added to this list as well.

Publications Within the publications table, biomaterials journals, boq Regenerative Biomateriald
and other publications gg., LINBa Sy (i I A 2 y]| (journal), Acta
collected. Biomaterialia (journal),

Biopolymers and
Biomaterials (book)

Research Collection of universities, institutions, departments, a] Texas A&M University
community researchers, who may be interested and could use | College of Engineering,
BIOMATDB project tools. Department of Biomedical
Engineering, Isaac Adjei
Invegors Collection of individuals, companies or other entities w DSW Ventures

invest money in biomaterials or medical device compan
the development of biomaterials or other causes relevan
the context of the BIOMATDB project.

Policy makers &| Public bodies, public administrations, government EUDAMED
Reguators regulation & standardisation bodies, certifiers, poli EMA
stakeholders and policy makers involved in the regula FDA

and certification of biomaterials as well as in the approva
medical devices.

To collect all of this information in a structured way, collection sheets were created to be filled in by
all of the partners. The collection sheets were stored within a Google Drive Folder accessible by all the
partners (sedrigurel). The collection sheets will be described in the next section and the collected
results within these spreadsheets will be made available as part of D2.5, later in the project.

BIOMATDB Collection OVERVIEW &%

Name 1

BIOMATDB Collection (Demanders) =%
BIOMATDB Collection (Enablers) =%

BIOMATDB Collection (Event:

BIOMATDB Collection (Investors) =%
BIOMATDB Collection (Marketplaces + Online Platforms) &%

BIOMATDB Collection (Policy makers & Regulators) =%

BIOMATDB Collection (Products) <%
BIOMATDB Collection (Projects) &%
BIOMATDE Collection (Publications) <%

BIOMATDB Collection (Research Community) &%

-+ I+ I+ I+ -+ -+

BIOMATDB Collection (Suppliers) =%

|

BIOMATDB Collection META (Sites & Sources) &%

Figurel. Folder structure Collection & Mapping Sheets

2.2 Overview sheet as central orchestration element

The central orchestration element of the structured knowledge, material and stakeholder collection
was theBIOMATDB Collectionverview sheet (sedrigure2. BIOMATDB Collectianverviewsheey.

This tool was created to coordinate the collection and to track the status of the collection. All the
individual collection sheets for the different search segments could be accessec liakih in the
overviewsheet. The consortium was asked to regularly update their progress in the different collection
sheets (number of entries) in the respective row and column ofaverviewsheet. This practice of

© 2023 BIOMATDB HORIZON CL42021-RESILIEN@HE-25 | 101058779



D2.1 Knowledge compilation and structural material collection

monitoring the progress of the seartias not only proven to be a helpful motivation for the partners
in previous projects of the Coordinator SYNYO, it can also ensure that the KPIs promised in the proposal
can be reached.

nosrss 10
INPROSRESS 12
WPRosALss 0
Dowe

WpRosRESs 1 W
oone »

o .
nPhomnESs 2

n El
15 CAmAMNTEWGPE %iwes 1 nphosAESS &

Figure2. BIOMATDB Collectimverviewsheet

Theoverviewsheet was also used as a tool to find usestalting pointsfor the searches. As can be
seen inFigure3, the BIOMATDBonsortium consists of 12 partners from 8 different countries. In
addition, the contracted expert partners were from Israel, Greece, and from the United Kingdom and
Mexico.

NO. |ACRONYM COUNTRY
1 SYNYD Austria

2 BSC Spain

3 ulo Marway

4 UPC Spain

5 TAU Finland

o ZUT Poland

7 MES Austria

8 CECCCIC Portugal

g CLUSTER Italy

10 NUIG Ireland

11 FHUN] Spain

12 ECHA Ireland

13 OSNAT HAKIMI lsrael

14 YANNIS MISSIRLIS Greece

15 CARLA FUENTESLOPEZ UK & Masice

Figure3. Breakdown by country

Since thanternational composition of the consortium represents a valuable asset of the BIOMATDB
project, the consortium was asked to start the search by focusing on their country of origin, before

later expanding the search globally on countries not covered byadirtiie partners. This search

strategy has the advantage that overlapping resudtg.(two partners find the same supplier twice)

can be reduced, while at the same time covering as large a geographical area as possible. Furthermore,

the overviewsheetcy G F AYSR | aYS@g2NR&aé¢ GF o ¢AGKigued)STdz 1 €
These keywords provided not only the advantage of serving as starting points forareheg, but

they were also a tool to facilitate the search in different languages, since the consortium members

could provide translations of the keywords.
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Category Keyword (EN) Keyword (DE) _ Keyword (ES)__ Keyword [NO) _ Keyword (FI) __ Keyword (PL)__ Keyword (PT) _ Keyword (I Keyword (E) __Keyword (1) Keyword (GR)
TS < icel device manufacturers produtort di ispasitivi medici

medical device suppliers fornitori di dispositivi medici

biomaterials companies aziende di biomatariali

biocompatibility testing test di biocompatibilita

contract manufacturing services AN Servizi di produzione a contratt
hospitsl groups gruppi ospedalieri

hospital associstions ospedale

central purchasing bodies AND medi casa diriposo

purchasing networks AND medical d universita

reti di acquisto AND dispositivi
centrali committanze AND disp(

biomaterials AND societies OR assoc biomateriali AND societ3 OR as

biomedical engineering AND societie ingegneria biomedica AND soci

tissue engineering AND societies OR Ingegneria tissutale AND societ

medical technology AND societies O tecnologia medica AND societa
[Products [ impianti

prostheses protesi

heart valves wvalvole cardiache

implantable devices dispositivi impiantabili

medical dressings

haemostatic dressings

osteosynthesis devices dispositivi di osteosintesi

prosthetic dentistry odontoiatria protesica

biomaterials biomaterial

Figure4. Keywords TabBIOMATDB Collectiamverviewsheet

As mentionedpreviously, theoverviewsheet provided access to thedividual collectionsheets for

the different search foci via links. The individual spreadsheets were named based on the segments
presented inTable3. Segmentation of stakeholders, entities and materidlee individual collection
sheets will be explained in the next section of this deliverable.

2.3 Individual Collectionsheets

For a most comprehensivallection of stakeholders, materialand knowledge, we defined various
search segments. For each search segme6pagle spreadsheatas created to collect the relevant
information. To ensure the quality of the knowledge and information collection, iiednand
collective approach to the search was necessary. Therefore, the partners were provided with guides
explaining how to use the individual collection spreadsheets, the monitoring tool in the form of the
overviewsheet YR (1 KS R 2 Qa e dolieddion Rvibsf inpoitantly, b uidés also displayed
Table3. Segmentation of stakeholders, entities and materialslearly define and explain the different
seach segments for the consortium members. Additionally, the consortium was provided with a
detailed PowerPoint presentation on how to use the individual collection sheets accurately. Excerpts
from these guides and the presentation can be seen in the scheganFigure5 and Figure6.
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Figure5. Screenshts of the General Collection Guide
HOW TO: Description of collection files BIOMATOH (it HOW TO: Collection Suppliers BIOMATOS S

verem hen

* Eath partner should start by focusing the search on the country neat to their organization's acronym
Later, expand your search globally on countries not covered by any of the partners.

* GO we want 10 have » broad overview of all relevant stakeholders, entities, projects and publications

g B B B B B B B B B B B B

5 S S St S et S et S S e S -
E EE EEEEE EEECE

HOW TO: Collection Suppliers BIOMATOS Bk,

E ]

2) Filllin the data in the BIOMATDE Coliettion (Supplion ] sheet accordngly and add your name and

Organizations acronym. /

||Iilu"lnml]lullmq

Zomeew anies | Overvew weet

1) Click on *LINK TO SHEET*

HOW TO: Keywords BIOMATOU G

Overvara e

nitial keywords and search strings for the search can be found on the second tab of the BIOMATDS
chection OVEIVITW sheet

Add translations of the keywords to the respective columns,

Add sddtional keywords and search strings In English and In your language.

Figure6. Screenshots of the Power Point Collection Guides

As already mentioned, for each of the stakeholders, entitiesnaterials aGoogle spreadsheetas
created for thecollection. In the following screenshots an overview of the individual collection sheets
as well as some relevant statistics are provided.
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The Suppliers collection sheefFigure7) contains information about companies that manufacture,
develop and/or sell products or services in the context of biomaterials. This group includes companies
that develop, manufactureand/or sell raw biomaterials or biomateribhsed produts, such as
medical devices, prostheses, implants or components of medical devices. Additionally, the consortium
has collectedcompanies that provide contract manufacturing services (CMS) or companies or

laboratories that offer testing solution®.@.,biocompatibility testing) within the Suppliers collection
sheet.

e
AMS Group. g/,
Sagemax

Stratasys

Formlabs

‘Orchid Orthopedic Solutions

Depuy Synthes

Exactech
MED-EL
Sonova
Organogenesis
BEGO

Xettis

Bioretec
ARTIGO
Cook Medica! Europe
B. Braun

INNOTERE devs

Figure?. Suppliers collection sheet

As of now, the consortium collected 404 suppliers in ta&dre8). 64.9 % of those suppliers can be
considered as manufacturers of medical devides4% of the collected companies produce or sell
raw biomaterials, and 8.%provide Contract Manufacturing Services (CMS) and perfornoonere
steps for the production or distribution of a biomaterial product on behalf of another compan$s5.4
of the collected companies offer services in the form of testing solutions, such as mechanical testing
or biocompatibility testingand 4.9% of the collected entities fall in neither of those categories. In
addition, the consortium indicated for each company if they provide products for the human or
veterinary product sectorHjgure8). 904 % of the companies that were collected so far produce for
the human sector, B.%for the veterinary sector. In 3%o0f the casesjt was not indicated whether

the products belong tdhe human or veterinary sector, either because this information was not
available or because this distinction did not make sense for the offered products.
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Cthers

4 9%

Supplier (testing solutions)
4%

Supplier (CMS)

6.4%

Supplier (raw biomaterials)
18.4%

Supplier (medical products)

64.9%

Unspecified

3.7% SMEs
Veterinary products S o
538%

13.2%

Human products Others
504% B6 0%

Figure8. Statistics- Suppliers collection sheet

The Demanders collection sheefFigure9) collects stakeholders that are potentially interested in
buying biomaterialdbased products and in using the solutions provideg the biomaterials
marketplaceand advanced database. Potential demanders are, for example, hospitals, hospital groups
or associations, purchasing networks, central purchasing bodies, public organisations, physicians,
nursing homes, universitiesr others. It is important to considerthat in this definition of demanders,
manufacturers of medical devices are not considered to be demanders, as they have been collected
together with the manufacturers of raw materials in the suppliers list (for more infaonasee
Definitionof search focisegmentation of stakeholders, entities and mater)als
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Hospital {operators) Purchasing Networks {Cent Universities Others Description (short description or Country

Réseau des Achs k italiers (RESAH ) htp:/ Fewive resah fri Created in 2007, RESAH is a public FR public, non-profit 2007 51-200
Texas A&M University College of Engineering - hrtps://engineering.tamu.edu/ x We are making advances in biomz us 1972  501-1.000
ORPEA Group ) x Deeply rooted in France through i R for profit 1985 58800
AMGROS - Danish Critical Supply Agency Together with other healthcare st DK for profit 1990 51-200
San Donato Hospital Group x Being the No 1 hospital group in t T private 1957 10,001
MercurHosp MercurHosp is 3 central purchasic BE non-profit 2013 1-10
Sykehusinnkjsp Sykshusinnkjep HF is 3 public non NO public, non-profit 2015 300
Ramsay Health Care (Ramsay) global x Ramsay Health Care (Ramsay) pro AU private 1964 86,000
Massachusetts Institute of Technology X DMSE is home to the world's pren us 1574

National Health Service (NHS) W L.nhs ukf From 1 April 2019, NHS England a UK governmental 2012 )01-10.000
Netherlands Federation of University Medical - http//www nfu nl/ The Netherlands Federation of Un NL public 2004 11-50
NHS Commercial Solutions https:/fwww england nhs.uk/ From 1 April 2019, NHS England a UK governmental 2012 $01-10.000
Ramsay Health Care Australia x Ramsay Health Care [Ramsay) pro AU private 1964

Ramsay Health Care United Kingdom x Ramsay Health Care [Ramsay) pro UK private 1964

Ramsay Santé France x Ramsay Health Care [Ramsay) pro FR private 1964
RHON-KLINIKUM x Founded in 1973 with 66 employe DE private 10.001+
Sana Kliniken x The care of patients in our haspit DE private 1976

SCR Piemonte SCR Piemente is the central purch T public 2007

SPMS SPMS is a public enterprise create PT public 2010

Stanford University x Materials Science and Engineering us 501-1.000
Styrelsen for Forsyningssikkerhed / Danish Crit 5F0S (Styrelsen for Forsyningssikk DK governmental 2020 51-200
The Pennsylvania State University x Penn State's MRI is = catalyst forr us 1992

The Pennsylvania State University % The Huck isn't easy to explain. It us 1926

The Pennsylvania State University % The Penn State Department of Bic us

Universidade do Porto 5. A x Health Research in a single and so PT 2015

University of Pittsburgh ‘hittps://mirm-pitt.net/ x To realize the vast potential of tiss us

Vienna University of Technology (TU Wien) https:/fwwwt tuwien.ac at/insti x The Institute for Materials Science AT public 2004

Founded Employees

Figure9. Demanderollection sheet

Up to now, the consortium collected 338 entities in the Demanders collection shigetr€10). 60.3%

of those entities are hospitals, hospital gpsuor hospital operators. 18%are Purchasing Networks
such as Central Purchasing Bodies, Group Purcha&@nggnisations Governmental or Public
PurchasingOrganisationsor Public Companies specialised in acquiring biomatbdatd medical
devices. ® % are universities with Biomedical Engineering or Tissue Engineering departments and
19.5%are possible demanders of biomateradsed products that do not exactly fit into the categories

mentioned above.

Others

19.5%

Universities
7.6%

Purchasing Metworks

12.6%

Hospital (operators)

250

30,

FigurelO. Statistics Demanders collection sheet

Thecollection sheet for productgFigurell) contains a collection of biomaterials or biomatetialsed
products. This includes, for example, medical devices (made of, or containing biomaterials), therapies
based on biomaterials sucls ATMPs, components of medical devjoggaw or shaped biomaterials.

Due to the abundance of biomaterial products this list is mainly useful to get a rough overview of the
different product types that are relevant for the biomaterials market. At thisnpdie collection
includes434entries Figure2. BIOMATDB Collectimverviewshee).
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promer . : T ————

FLOSEAL Hemostatic Matrix y haxter com/fl Biosurgical { i bovine-derived Gelatin, h de1 Surgical implant (matrix/glug) thrombin reacts with fibrinogen of the patient Baxter

TISSEEL Fibrin Sealant y haxter com/t Biosurgical { is, sesling) fibrin Bioadhesive, Surgical implant (r TISSEEL isa fibrin sealant indicated for use a3 an aojt Baxter

TACHOSIL® Fibrin Sealant Patch
COSEAL Surgical Sealant
PREVELEAK Surgical Sealant
OSTENE Bone Hemostasis Material

y haxter com/t; Biosurgal (hemostasis, mild to moderat, human fibrinogen, human thrombi Surgical implant (patch) TachoSil® is a fibrin sealant patch indicated for use w Baxter
yhaxter com/c Biosurgical [sealing, vascular reconstruc Two synthetic polyethylene glycols Bioadhesive, Surgical implant (F COSEAL is indicated for use in vascular reconstructio Baxter

/i Biosurgical (sealing, vasculer and cardia provided in 2 double-barreled syrir Bioadhesive PREVELEAK Surgical Sealant (PREVELEAK] is a sealan Baxter
m/c bone blzeding in orthapedic and cardio sterile mixture of water-soluble alk Bone Hemostasis Material  Contral of bene bleeding in orthopedic and cardicth Baxter
4Degra® resin-inks diverse polycarbonate-urethane based resi Bioink 4Degra® resin-inks are available now in both standai 4DBiomaterials
SafeSept® Ieft atrial access Nitinol wire The very sharp tip of the SafeSept= requires less forc Pressure Products
Impella RP heart pump right heart failure Nickel-Titan Alloy, costed in polyms heart pump The Impella RP heart pump provides temporary, circ Abiomed
Dual Lumen intestinal Tubes
PERLE™ by GCA

Carillon Mitral Contour System®

en emersl feeding and removal of fluids ar synthetic Polymer [PVC) tube The Duzl Lumen Gastrointestinal Tubes are & sterile, Cardinal Health

m/orodus breastimplant Emunomic™ Breast Tissuz Dynami: breast implant Round, smoath opaque breastimplant with (Rjevoll GC Aesthetics

jsic Heart Failure and Functional Mitral Reg! Nitinol, Titan coronary vein implant Our Carillon Mitral Contour System® is a groundarez Cardiac Dimensions

Acron PEEK Interhody system interbody fusion in osteoporotic patient Polymer, (otpional] metal coat  implant (spine} The Acren PEEK Interbody system is the new gold st: Acron Medical
A2° Short Stem hip protheses titan, titen zlloy, accelerated osteai hip stem Short stems are being used more and more frequen’ ARTIQO
4-motion® knee joint knee protheses tibia compnent [TiBAI4V), Inlay (XL knee joint With the development of the &-motion® knee joint, ARTIQO
Absorv™ — Bicahsorbable Extrusions diverse (dental, orthopedical, surgery, . Bioabsorbables scaffold novel bioabsorbable polymers 1o meet pracise degr: ZEUS.

Aeos™ ePTFE Suture diverse (anamastosis, hernis, .. suture monofilament suture monofilament permanently implantable and non-abzorbable sutur ZEUS

Aeos™ ePTFE diverse (dentsl, giber oprics,..) diverse marerial composad of a numbe ePTFE is composad of a number of solid nodes inten ZEUS.
Bioweh™ PTFE and PU into polymeric nanofibers PTFE and PU into polymeric nanofi implantable stent and scaffold non-woven composite membrane produced by elzal ZEUS

Linear Hyaluronic Acid
Persorb®
CytaSorb®

Hyalomatrix®

Intra-articular treatment for pain and/o injectable, non-pyrogenic, reabsort colarless gel contained in a pre- Intra-articular injections of hyaluranic acid 1o proma IRA Istituto Ricerchi
herap Ex vivo perfusion resin with beads of polystyrene-diy sorbent cartridge PerSarb® allows adsorpticn of inflammation mediat Aferetica

herap Septic shock in intensive care, vasopleg! resin with beads of polystyrene-giy sorbent cartridge CytaSorb® allows blood purification in clinical candit Aferetica

ucts/i management of waunds Single-layered: HYAFF matrix (a der sterile, biodegradable, flexible  The matrix provides a 3-D scaffold for cellular invasic Anika

Tactoser® ucts/t bone marrow lesions, insufficiency fract synthetic, biocompatinle, hyaluron Injectable Bone Substituts The device provides an injectable, self-seting, ost=o Anika

Figurell. Products collection sheet

As described ifTable3. Segmentation of stakeholders, entities and matera®ve, enablers create
economic opportunities through the involvement in the process leswthe exchange of demanders

and suppliers. Enablers are entities that help to connect the different stakeholders. In the case of
biomaterials, we collected biomaterials societies as well as associations, foundations and networks in
the context of biomateals in the Enablers collection sheefFigure12). So far, the consortium
collected 82 enablerg-{gure2) from at least 24 different countries, in the Middle east, the Asian &
Pacific region, Europe, North America, South/Latin America and Africa. Those enablers have regional,
international and some even global reaghgurel?).

Type Founded Employees Members Association/Society Foundation Network Other

European Society for Biomaterials . "irtus| environment”, scientists, clinicians, industriz  FR Europe  non-profit 1976 ¥

International Union of Societies for Biomateria e 2. body that brings together national and multination  CN Asia 1980 x
Saciety for Biohydragels ee iv-ni The Society for Biohydrogels, created in March 2015 FR Europe  non-profit 2015 M

Swiss Society for Biomaterials + Regenerative r The 558+RMM i the sssembly of people in Switzerlar  CH  Europe  non-profit 1935 X

MedTech Eurape e MedTech Europe is the European trade association{  BE  Europe 2012 ¥

A0 CMF - ur The goal of AOCMF has always been to fostera muli  CH global nonprofit X X

A0 Trauma - ur AQTrauma is an ion that creates a dynamic  CH global nonprofit 2008 201-500 X X
Netherlands Society For Biomaterials and Tisst t The society aims to promote the interests of biomat  HL  Europe  nonprofit ¥

BIOMAT: Association pour le développement d M https omat.fr/ BIOMAT Assediation: Association for the developme  FR Europe 1984 X

International Team for Implantology {IT1) - h orgs The ITlis 2 global association of professionalsinimp  CH  global  non-governn 1980 x

Tissue Engineering Network . This page comprehensively explains everything abot  DE  DACH x
Eurapean Orthapaedic Research Society (EORS ee ors in To promote research and development in orthopaes DE  Europe x

European Federation of National Associations | hadd efortorg The European Federation of National Associations ¢ CH  Europe  nonprofit 1991 x

Osterr. Gesellschaft f. Orthopadie (GG0) i rthor Die Osterreichische Gesellschaft fir Orthopédie sier AT Europe  nonprofit X

Societa Italiana Biomateriali A oma The SIB aims to encourage, support, promote resear 1T Europe  non-profit 2003 X

Consorzio Interuniversitario Nazionale per la S e stm. INSTM brings together 50 lwalian universities, basica  IT  Europe  nonprofit 1952 1,001-5,00 x

Gruppo Nazionale di Bioingegneria (GNB) i ruop; The GNB aims to promote and coordinate research:  IT Europe  non-profit E

Confindustria Dispositivi Medici - onfini Canfindustria Medical Devices is the Federationthat I Europe  non-profit 2019 11-50 %

IngegneriaBiomedica.org . gean A of students and ionalsof iom  IT  Europe  non-profit 2008 11-50 *
EMBS Technical Committee on BioManotechno i 5. The BNM is a Technical Commitze of the Engineerir  US global non-profit 1963 X

Society for Biomaterials .- omaterials The Saciety For isamultdiscipinarysc  US  global  non-profit 1959 x

Biomat.net e PT  Europe nonprofit 1998 X
Demacenter e w.democ Fondazione Democenter promotes changeinthemi  IT  Europe  non-profit 1991 1150 X

Fondazione Tes ee Tes (Tissue Engineering and Signaling), Foundatonf  IT  Europe  non-profit 2006 Il

Figurel2. Enablers collection sheet

TheEvents collection shedfFigurel3) srves for the collection of relevant events such as conferences,
expositions, fairs or similar in the medical devices or biomaterials field. On the one hand, this collection
is useful to fd opportunities to promote the BIOMATDB project, on the other hand, the BIOMATDB
consortium wants to publish this comprehensive collection of events on the BIOMATDB website to
become a useful source of information for our stakeholders who may be inter@stearticipating in

such events. Currently, 64 events are included in the Events collection Shgete).
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D2.1 Knowledge compilation and structural matedallection

Name Country  City Location Host / Initiator Geographical Focus  Start End Conference  Exposition  Other
2022 International Conference on Biotechnalogy and B [ Webinar (Webinar) Asia-Pacific Association of Science, En International 27/09/2022 30/09/2022 *
BIOMEDevice Us  Boston Boston {US) Informs PLC New England 28/8/2022 28/8/2022
IDS Internationale Dental-Schau DE  koin Kaln (DE) GFDI Gesellschafs zur Forderung der [ Internasional 18/3/2023  18/3/2023 2000 exhibitors, 65 « *
32nd Annual Conference of the European Society of Bic FR  Bordeaux Bordeaux (FR} European Scciety of Biomaterials & B Europe a/3/2012  8/9/2022 1200 x
12th World Biomaterials Congress (WBC) KR Daegu Dasgu (KR} ‘The Korean Society for Biomaterials  Worldwide 26/5/2024 31/5/2024 x
European Advanced Materials Congress T Genoa Genoa (IT) International Assaciation of Advancec Eurape 25/6/2022  2/7/2022 *
Conference Bi i I Venice Venice (IT) Internstional Society for Cersmics in I Internationsl 20/8/2022 23/8/2022 x
|World Orthopaedic Research Congress, ICORS 2022 UK Edinburgh Edinburgh (UK} British Orthopaedic Research Society international s/022  s/s/22 *
2022 International Conference on Advances in Nanotec CA  VictoriaBC Victoria BC(CA) ICANM2022 Grganizing & Scientific Cc International 08/08/2022 10/08/2022 x x
27th International conference on Biotechnology and Bi DE  EBerlin Berlin (DE) EurosciCon Lid International 23/08/2022 24/08/2022 x
Medtech World €N Shanghai Shanghai [CN} Informs PLC Global 31/8/2022  2/9/2022 > 80O exhibitors; > 4C x x
14th Symposium on Biodegradable Metals Conference B Alicante Alicante (ES) Biomers| internationsl 24/3/2022 28/8/2022 x
European Society of Craniofatial Surgery (ESCFS) Bienni UK Oxford Oxford (UK) ESCFS Europe 23/9/2022 24/8/2022 * ®
i ion 2022 Plsa IT  Montecatini Terme  Montecatini Terme (IT Valeria Chiono, Chisrs Vitsle-Brovaror internations 25/3/2022 28/8/2022 x
BIOMAH 2022 - BIOMATERIALS AND NOVEL TECHNOLO T FRoma Roma (IT) R International 18/10/22 21/10/2022 x
OMTEC - The Orthopaedic Manufacturing & Technalog) Us  Chicago Chicago {US) ORTHOWORLD Inc Internationsl 13/06/2023 15/06/2023 x x
2023 TERMIS-EU - Broadening the Targets and Approac UK Manchester Manchester (UK)  Tissue Engineering and Regenerative International 27/03/2023 30/03/2023 Over 1.200 x
2023 TERMIS-AM - Tissue Engineering Strategies for Hu Us  Boston Baston {US) Tissue Engineering and Regenerative International 11/04/2023 14/04/2023 *
2022 TERMIS-AP - New Chapter of Future i KR Jejulsland Jeju Island (KR) Tissue Enginesring and Regenerative Internations| 05/10/2022 10/10/2022 x
KMM-VIN Industrial Warkshop (IW3): “Design and moc AT Vienna Vienna (AT) KMM-VIN, the Vienna Center for Engi Europe 22/09/2022 23/09/2022
Micro and Nanatechnology in Medicine (MNM) confere Us  Hawaii Hawaii (US) IEEE Engineering in Medicine and Biol International 05/12/2022 03/12/2022 x
SF8 2023 Annual Meeting Us  SanDiego $an Diego (US) ‘The Society For Biomaterials International 19/04/2023 22/04/2023 x

Figurel3. Eventscollection sheet

The Projects collection sheefFigure 14) collects projects that may provide relevant assets or
collaboration opportunities for the BIOMATDB projesbme of the projects collected in tReojects
collection sheet, have been identified as possible assets or collaboration partners for BIOMATDB and
are described in more detail BectionAdditional project and technology ass@f this deliverable. As

of now, 52 entries have been collectdeiqure2).

Acronym Relevance [* Project Title Abstract Biomaterial Medical devices Marketplace Database Test Beds Others Ul
OntaCommons - Ontology-driven data documentation for Ingustry Co OntoCommons lays the foundation for interoperable and standardi X

Castor EDC - Castor EDC: Unlocking the Potential of Data in Biome A large part of the data collcted during the biomedical research is x X
hystrix “+ Acostefficient, ransparent and affordable digital pre Across Europe and the globe, there is unpracedented financial pres X x

Pharmaledger . Pharmaledger The Pharmaledger project will create 2 blockchain-based framewior x
mDOT Medical Device Obligations Taskforce The new Medical Device Regulation (VIDR) bears the potential to hi x x x
SAFE-N-MEDTECH SAFETY TESTING IN THE LIFE CYCLE OF NANOTECHNC Society and clinical practice pose 2 growing demand on novel biom x x x
TBMED A testing bad for the development of high-risk medic Medical device companies are in the business of making people’s I x x x
EUDAMED 4+ EUDAMED datsbase The creation of  European database on medical davices (EUDAMEI X

BIORIMA - BIOmaterial Risk MAnasgemant BIORIMA aims 1o davelop an integrated risk managemant (IRM) fra x X
Met4Bone - Metabolites as immunomadulatory additives for bior Biomaterials are crucial for the surgical correction of bone defects ¢ X

BIOSYS - Inteliigent Biomaterial Systems for Cardiovascular Tis Cardiovascular diseases are the most fraquent cause of mortality in x

PARAGEN - Biomaterials with incorparated MSC-secreted PARAC Regeneration of bone defects remains a critical challenge in orthap x

i-TRIBOMAT - Inteliigent Open Test Bed for Materials Tribological C! Materials in motion inevitably encounter other materials. Whether x x
PANBIORA - Persanalized And/Or Genaralized Integratad Biomate PANBIORA aims at providing a comprehensive solution for the time- x X X
UBORA - Eurc-African Open Biomedical Engineering e-Platiorr The project sims st creating an EU-Africa e-Infrastructure, UBORA, " X X
IRMI +++ Mult-regions! infrastructurs for the development of An effective co-operation system was set up to direct different skill: X X
Step-by-step A INTEGRATED APPROACH TO THE PATIENT WITH NEUF Step-by-Step develops innovative solutions for the treatment of acu x x
Mat2Rep *** Multifunctional biomaterials for tissue repair Reparative medicine is a cutting-edge area of medicine whose goal x x
Cubibox e The project aims to develop and validate a technological platform ¢ x x x
Phoenix - Pharmaceutical Open Innovation Test Bed for Enablir Advances in nanatechnalogy have found applications in the pharm: x
BBCE - Baltic Biomatarials Centre of Excellence The BBCE project brings togather four Latvian partners and two me x X

indepenDent . The first Colour Denture Printer Based on our 30+ years’ experience In the dentist industry we have X

Therapnea . Therapnea: Novel Therapy 1o treat Obstructive Sleep Obstructive sleep apnea is the most common organic sleep disorde X

Figurel4. Projectscollection sheet

TheResearch community collection she@figurel5) is particularly relevant to identify potential users

of the BIOMATDB solutions, and to find participants for the BIOMATDB surveys and interviews. Two
distinct tabs were created within the Research community collection sheet: One tab to collect relevant
research institutions€.g., universities, departmentsprivate research institutions) and the other to
collect contacts of individual researchers in the field of biomaterials. All the contact details included in
this list were found publicly available.g., on institutional websites. At this point in time, ¢h
consortium has already collected 226 research institutions and 252 individual reseai€igers?).
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Institution Department Research Group URL Description (short descriptio Type Founded Employees Country Street ZIP Code  City
Texas A&M University College of Engineering Department of Biomedical hitp ngineering tamu.¢ The Department of Biomedic public 1972 501-1.000 us 125 Spence S 77543-312: College 5t
Texas A&M University College of Engineering Department of Biomedical Translational and Innovatin_ htt; inanomedicine.engl The Tr: and Innovat public 2019 11 us 126 Spence S 77843-312i College Sty
Texas A&M University College of Engineering Department of Biomedical Bio-instructive Materials Li htty om/t The Bio-instructive Materials public 11 us 5045 Emergir 77843-312¢ College Stg
IRCCS IRST Meldola Laboratorio di Bioscienze emrit/it/ The Bioscience Laboratory is : private 1997 m Via Piero Mai 47014 Meldola (F
IRCCS Istituto Ortopedico Rizzoli Research, Innovation & Ter The RIT - Research, Innavatio public 1896  1001-5000 T Codivilla-Putt 40136 Bologna
Consiglio Nazionale delle Ricerche Institute of science and te: it/en/finst ISTEC, belonging ta the CNR [ public 1845 s Via Granarol 48018 Faenza (R4
Fondazione IRET ndation.org The IRET Foundation is & sciel non profit 2006 m Via Tolara di ! 40064 Qzzano Enf
Universita di Bologna Centro Interdipardimental o.it/zert CIRI Asranautica promote the public IT  via Baldassar 47121 Forli
Universita di Bologna Centro Interdipartimentale b it/mar CIRI-MAM is the Interdepartr public T Viale Risorgir 40136 Bologna
Universita di Bologna Centro Interdipartimentale CIRI 5DV - Centro Interdipart public m Via Tolara di ! 4140064  Ozzano de|
Universita degli Studi di Ferrara TekneHub TekneHub is one of the indus public s Via Saragat, 144122 Ferrara (Ff]
Consiglio Nazionale delle Ricerche Institute of Polymers, Com ¢ The IPCB's mission is to devel public 2014 T Via Campi Fle 80078 Pozzuoli (M
Politecnico di Milano Department of Electronics olimi.it DEIB aims at being a world-cl public 2013 m Via Ponzio 34 20133 Milano
Politecnico di Milano Department of Chemistry, olimi_it The Department's commeon v public 2001 T Via Luigi Mar 20131 Milano
Consiglio Nazionale delle Ricerche Institute for Biomedical Re 2019 s Via Ugo La M 50146 Palermo
Universita degli studi di Napeli Federico Il Department of Chemical E 2013 T Piazzale V. Te 80125 Napoli
Universita Campus Bio-Medico di Roma Tissue Engineering and Ch 1933 13 Via Alvaro de 00128 Roma
Universita degli Studi di Perugia Department of Civil and Er The research activity in the it public 2014 T Via G. Durant 06125 Perugia
Universita degli Studi di Ferrara Department of Life Science hty set  The researches performed in public s ‘Via L.Borsari, 44121 Ferrara (Ff]
Politecnico di Torino Interdepartmental Center 13 Corso Castelf 10138 Torino
Paolitecnico di Torino Department of Applied Sci 13 Corso Duca d 10129 Torino
Istituto Italiano di Tecnologia Center for Advanced Biom T Via Morego, | 16163 Genova
Universita degli studi di Napoli Federico Il Interdepartmental Centre 1992 s Piazzale Teccl 80125 Napali
Universita degli Studi di Pavia Interdepartmental Researc 2015 T Via Bassi6 27100 Pavia
Description (Researcher, s Title (Resc Role (Researcher) Phone (Researcher) Researcher) Research areas Institution Department Research Group
Isaac Adj Dr. Isaac Adjei's goals are t PhD Assistant Professor  979-458-2536 adjeii@tamu.edu Biomaterials, micro/nanotechnology, tiss Texas A&M University College « Department of Biomedical Translational and Innevati
Daniel Alge Dr. Daniel L. Alge's researc] PhD Associate Professor, | 973-458-5248 edu i , tissue , medical Texas A&M University College « Department of Biamedical Bio-instructive Materials L
Catherine Ambrose Dr. Catherine Ambrose ser PhD Visiting Professor 979-845-5532 cambrose@tamu.edu  Biomaterizls, bone health, orthopaedic il Texas A&M University College « Department of Biomedical
Brunella Grigolo Dr. Brunella Grigolo has al PhD Head +39-051-6366803 brunella grigolo@iorit  Regenerative medicine in orthapedic fiel IRCCS Istituto Ortopedico Rizzo Research and Innovation T RAMSES Laboratory
Carla Renata Arciola Carla Renata Arciola is Full MD, PhD  Head and Full Professt +39 51-6366747 carlarenata.arcicla@ior.it Pathalogy of implant associated infectior IRCCS Istituto Ortopedico Rizza Orthopedic-Trauma Pathel Laboratory on Implant Infe
Nicola Baldini Nicola Baldini is Associate | MD Head, Director and As +38-051-6366566 nicola_baldini@ior it Musculoskeletal oncology; pathophysiclc IRCCS Istituto Ortopedico Rizzo Reszarch and Innovation T Biomedical Science and T2
Milena Fini Milena Fini is the new Scie MD Scientific Director +38-051-6366557 milena fini @icrit Prevention, diagnosis and therapy of acu IRCCS Istituto Ortopedico Rizza Research and Innovation T
Maria Letizia Focarete Maria Letizia Focarete is F. PhD Full Professor +39 051 20 9 9577 marialetizia focarete @un Functional polymeric materials, biomatel Universita di Bologna Department of Chemistry | Polymer Science and Biom
Anna Tampieri Anna Tampieri has 30 year PhD Research Executive - | +350546698753 anna.tampieri@istec.cnr. Drug delivery, Biologically inspired procs: Consiglio Nazionale delle Ricer Institute of science and teq
Simone Sprio Simene Sprio is the Scienti PhD First researcher +390546699759 simone. et Innovative ials and nanatechn Consiglio Nazionale delle Ricer Instituts of science and 12
Barbara Zavan Prof Zavan's research seek: PhD Associate Professor  +330532 455882 barbara.zavan@unife.it Translational medicine: bench to bedside Universita degli Studi di Ferrar: Department of Translation Tissue Engineering and Re
Claudio Nastruzzi The research activity of Pr¢ PhD Associate Professor  +390532 455348 claudio.nastruzzi@unife.i Biomaterials, bioencapsulation, drug forr Universita degli Studi di Ferrar Department of Life Scienct Biomaterials
Gianluca Ciardelli Gianluca Ciardelli is coordi PhD Full Professor +38 0110806519 gianluca.c ito. Soft tissue Synthesis of bion Politecnico di Torina Department of Mechanica Materials in bicnanotechn
Valeria Chiono Valeria Chiono's research i: PhD Full Professor +3% 0110506920 valeria.chiono@polito.it Seft tissus engineering, Synthesis of bien Politecnico di Torino Department of Mechanica Materials in bionanotechn
Chiara Vitale-B Prof. Chiara Vitale-8: PhD Full Professor +38 0110804564 chiara vitalebr # 3D bioprinting, pracessing, B Politecnico di Toring Department of Applied Sci Biomaterials
Laura Montanare Prof. Laura Montanaros's r PhD Full Professor +38 0110904680 laura.r ito 3D printing, Bioceramics, Caramics, Ceral Polit ico di Torino Department of Applied Sci Ceramic Materials
Guido Maria Macaluso  Prof Guido Maria Macalus: MD, DD Professor and Dean =33 0521033559 guidomaria.macaluso@u Bone regeneration, scaffold, 30 printing, Universita degli studi di Parma Department of Medicine a Biomaterials and Tissue £
Filippo Causa Filippo Causa is an associal PhD Associate Professor  +39 0817682603 filippo.causz@uninait  Biomedical equipment,biomedical mater Universita degli Studi di Napoli Department of Chemical, [
Paolo Antonio et Paclo A Nettiis a full profe PhD Full Professor +38 0817682408 paoloantonio.netti@unin Design of novel biomaterials, Drug delive Universita degli Studi di Napoli Department of Chemical, 1
Maurizio Ventre Maurizio Ventre is a mater PhD Associate Professor  +39 0817685929 maurizio.ventre@unina.it Biomaterizls, Tissug enginesring, Biophy: Universita degli Studi di Napoli Department of Chemical,
Laura Calza Prof. Laura Calza is full prot MD Full Professor +39 051 798776 laura.calza@uniboit  animal models; neural stem cells; neurot Universita di Bologna Department of Pharmacy i
Livia Visai Livia Visai is Associate Prof PhD Associate Professor  +39 0382 887725 livia.visai@unipv.it Nanatechnology and Nanomedicine Universita degli Studi di Pavia Department of Molecular Laboratary of cell-biomats
Silvia Faré Silvia Faré's main research PhD Full Professor +3% 02 2399 3388 siviafare@polimiit  Additive Manufacturing, Artificial Organs Politecnico di Milano Department of Chemistry, Biomatarials and Biofabric
Gabriele Candiani Gabriele Candiani is Profes Associate Professor  +39 02 2399 3181 igabriele.candiani@polim Antibacterial Surfaces, Biocomparibility, | Politecnico di Milano Department of Chemistry, Biocompatibility and Cell ¢

Figurel5. Researcltommunity collection sheeg Collection of institutions & researchers

Within thePolicy makers & Regulators collection sh€Btgurel6) the consortiumhascollectedpublic
bodies, public administrations, governmental, regulatiord standardisation bodies, certifiers, policy
stakeholdersand policy makers involved in the regulation and certification of biomaterials or in the
approval of medical devices. tte moment the collection contains 135 entri¢gagure?).

Description [short description or some keywords)

Sicherheitim (BASG) x The BASG has besn entrustad with 2 multituds of tasksin AT governmantal 2006
European Medicines Agency [EMA] x The Europazn Medicines Agency (EMA) is 2 decentralisad nNL networking orgenit 1995
halian Medicines Agancy x The Italian Madicines Agency - AIFA is 2 public bady cpera I governmantal 2004
Direzione generale dei dispositivi medici e del servizio far x The Directorate-Genzral for Medical Devicas 2nd the Phar I govarnmantal
Istituto Superiore di Sanita x The Notifizd Bady (ON I55) operates at the Iralian Nations I public bady
Certiquality x Certiquality, acting as Notifizd Body |no. 0545] for the Reg I private 1985
Eurofins Product Testing x Todzy Eurofins Industrial & Product Services ftaly with its1 I private 1570
Kiwa x e are Kiwz, 2 world top 20 leader in Testing, Inspaction : I private
ITALCERT x ITALCERT Srl is a Conformity Assessment Bady, which has | T private. 1992
Istituto ltaliano del Marchio di Qualita x IMQ supports medical device manufacturers with product T private. 1999
ASTM International x ASTM Internztional is 2 globally recognized leader in the d us nan-prafit 1902
CEN x CEN provides 2 platform for the development of European BE non-prafit
150 x I150is 3n ind=pandent, non-governmental international or H non-governmentsl 1346
ITA - talian Trade Agency x ITA - Italian Trade Agency is the Governmental agency tha' T governmental 1928

Figurel6. Policy makers & Regulators collection sheet
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Currently, thelnvestors collection sheet(Figure 17) consists of a collection of 46 individuals,
companiesor other entities who invest money in the biomaterials or medical defiedd Figure2).

Investor (Person/Entity) . or some keywords) Legal Name 7P Code  City

Innogest
Italian Angels for Biotech (1Al hx
Italian Angels for Biotech (1Al h

Innogest is a Venture Capital firm focused on seed z Innogest Sgr private 2006 11-50 Via Locatelli Antonio, 2 1 Milana T
aliznz IAB is an aszociation made by a group of people wit Italian Angels for Biot non-profit 2015 Via Antonio Meucci 3 20091 Bresso (M) T
w.panake Panakes is 8 venture capital firm with the ultimate £ Panakes Partners SGR private 2015 11-50 wvia Boscovich 31 20124 Milano T
38 Future Health Ventures bfuturzhei 38 Future Health Fund supports US and European-k 3B FUTURE HEALTH V private 2016 7-9 Av. de Grande Bretagne 58000 Monaco MC
Angels for Impact

DSW Ventures

ngsls4imp A group of Business Angels investing in startups wit Angels for Impact non-profit 2015 2-10 C/0 Impact Hub Milane, Vi 20155 Milano T
DSW Ventures is a national firm of seed and early-st DSW Angels LLP private 2019 1-10 Department Bonded Warel M3 4AP Manchester UK
DuPont Capital Management o it At DuPont Capital we apply value-based global inve: DuPont Capital Mana, Private 1983 80-100 574 Centre Road 15805 Wilmington, DE~ US
NLC / We find inventions, select the most promising ones, NLC - The European H private 2014 51-200 Amsterdam Health and Tec 1105 BP Amsterdam NL
Sofinnova Partners Sofinnova Partners is a leading European venture cz private 1872 11-50 7-11, Boulevard Haussman 75009 Paris FR
Business Finland

CDP Venture Capital

government organization for inngvation funding and trade, travel and inve non-profit Porkkalankatu 1 Helsinki Fl
we CDP Venture Capital — Fondo Nazionale Innovazions CDP Venture Capital £ private 51-200 Via Alessandria 220 00198 Roma T
Club degli Investitori
EUREKA! Venture

uids Club degli Investitori is one of the main business an; Club degli Investitori non-profit 2008 2-10 </o Talent Garden Fondazic 10125 Terino T
=k We are the first independent Italian venture capital EUREKA! Venture SGF private 2018 2-10 Via Vincenze Monti 8 20123 Milano T
Fondo Italiano d’Investiment i do We promote the competitivensss of Italy's industriz Fondo Italiano d’Inve: private 2010 51-200 Via San Marco 214 20121 Milano T

Health Technology Holding hthve, HTH is 3 full fledge investment and advisory compar Health Technelogy He private 2020 Corso talia 15 20122 Milang T

Italian Business Angels Netw: hio it IBAN is the Italian National Association focused on 1 Associazione Italiana non-profit 1359 2-10 C/0 Impact Hub Milang, Vi 20155 Milano T
Indaco Venture Partners ndace Indaco Venture Partners today is the largest indepe Indaco Venture Partm 2016 Galleria San Babila 4/B 20122 Milano T
Invitalia 1al Invitalia is the National Agency for Inward Investme Agenzia nazionale pel 2007 1,001-5,000 Via Calabria, 46 00187 Roma T
Italian Angels for Growth talian The largest netwerk of business angels in Italy, inve: Italian Angels for Gro' non-profit 2007 2-10 Vias Manfredo Camperia, 4i 20123 Milano T
LIFTT h .cc Wee invest in newly conceived projects by providing LIFFT private 2018 11-50 Via Pier Carlo Boggio, 61 10138 Torino T

Mercia Asset Management
META

Merciz Asset Managemeant providing eguity and de Mercia Asset Manage Private 2014 <25 17 High St B95 SAA Henley-in-Arder UK
meta- META Group is an international advisory and investt META Group private 1993 11-50 Avenue des Arts, 12 Brusszels
Northwater Capital Managen

BE
Narthwater Capital Management Inc. operates as al Morthwater Capital M Private 1989 10-20 Brockfield Place, 161 Bay S M3J 251  Toronto CcA
cA

Pangea Ventures Enga We believe advanced materials have the ability to s Pangea Ventures, Ltd. Private 2000 2-10 1500 W Georgia 5t, 5tz 15: V6G 276 Vancouver

Figurel?. Investors collection sheet

The Marketplacesand Online Platforms collection shegfFigure18) includes marketplaces, such as
platforms that sell biomaterials products or services from multiple suppliers or mediate contacts
between suppliers and demanders in order to sell biomategatsiucts or services (B2B), or other
online platforms, where information about biomaterials can be found. Online biomaterials databases
were added to this list as well. 41 entries can be assigned to this individual collectior(Eeet2).

Name Description

Medical Device + Diagnostic Industry (MD+DI) fdirectory.amed.com/form-supplie 08122 htm Medical Device + Diagnostic Industry (MD+DI] is a resource e x

Medical EXPO haad medicalexpo.com/medical-manufacturer/elbov The e for medical devices and supplies X

Omnia Health haad B28 medical marketplace X

The Biomaterial Stare wee The Biomaterials store has been set up to supply all the need x

GUDID s The Global Unique Device Identification Database (GUDID] co x
Science Exchange - With our enterprise Saas-enabled marketplace, R&D teams ¢ x

ZPP Dentalmedizintechnik GmbH b The company ZPP is a family business with over 20 years of & x

‘Wound Reference had We are a seif-funded startup building a decision support platt X
scientist.com . Use our award-winning marketplace to quickly find the tools x

Medwish . B28 marketplace for medical supply and devices x

Euro Biotechnologies R Euro Biotechnologies is a leading Medical and Dental Supplie: X

Prospector - Search thousands of materials fram glabal suppliers by keyws X

Total Materia had Allow to find mechanical and physical properties of diverse m X X

ChemSpider . ChemSpider is a free chemical structure datsbase providing fi x x x
Material Properties Datahase had Curated database of engineering material properties that em x x x
MATDAT had Constituted by a Database of Materials Properties, a DIRECTC x x x x
Matmach - Find the optimal material based on your required perfarmant X x

BoneZone b Comprehensive database of orthopedic-focused suppliers. La X X
Bioz . Bioz supports researchersin their product-selection and purc x x x
Disto had A site that sells products anline. Allows users to create a purc x

MediBid - MediBid offers cash paying patients seeking care the ability tc X

Chamir - Accelerate your medical device development Start ordering 1l X

1€l Medical Devices Database hiad This database contains information on more than 120,000 Re x x x
Materials Marketplace had The Materials Marketplace connects businesses and organiza x

Figurel8. Marketplaces + Online Platforms collection sheet

Within the Publications collection shee{Figure 19) the consortium collected 640 biomaterials
journals, booksand other publicationse(g.,LINB a Sy (I A2y az Xuo NBt Syl
(Figure2).
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D2.1 Knowledge compilation and structural material collection

Name
Regenerative Biomaterials
Biomaterials and Engineering for Implantology : In |

Biopolymers and Biomaterials

Relevance | Journal

X

Book Other Contents/Description

Regenerative Biomaterials s a fully open access,
Biomaterials are composed of metallic materials,

Biopalymers are attracting immense attention of

ISSN/ISBN

Country Region
20563418, 20563426 UK
976-3-11-074013-4  DE
1-315-161882  CA

Western Europe
Western Europe

Nerthern America

Publisher

Oxford University Press
De Gruyter
Apple Academic Press

Author/Editor
Ias Peppas; Xingdong
4, Oshida; Takashi, Mi

Padinjakkara et. al

2022
2018

Nature Reviews Materials X Biomaterials; Electronis, Optical and Magnetic M 20388437 UK Western Europe Nature Publishing Group Giulia Pacchioni
Advanced Functional Materials e X materials science, nanotechnology, liquid crystals 1616301X  DE  Wester Europe Wiley-VCH Verlag Jom Rinerbusch
Advanced healthcare materials x Biomaterisls; Biomedica Engineering; Pharmace: 21622540,21923658 UK Western Europe John Wiley and Sons Ltd Uts Gosbel

Acta Biomaterialia x Hypothesis-driven design of biomaterisls, Biomst 17427061 NL  Western Europe BioMed Centra| Ltd. William R. Wagner
Biomaterials Research x Biomaterials; Biomedical Engineering; Ceramics 2 20557124 UK Western Europe Springer Nature Jleong
Biocomposites and Hybrid Biomaterials of Calcium ~ =** x Mimicking the structure of calcified fissuesand a 0423439377 US  Northern America CRC Press Sergey V., Dorozhkin 2018
Biomaterials science and technology : fundamental = x Biomaterisls Science and Technology: Fundamen 0423878354 US  Northern America CRC Press Vaser, Dahman 2019
Biomaterials and immune response : complications  =** * The interactions of the biomaterials with the hos 1351377566 US  MNorthern Ameica CRC Press Ninal Engin, Vrana | 2018
Peptide-based biomaterials - * Coveting the fundamental concepts of self-asser  978-1-83916-1148 UK Western Europe Royal Society of Chemistry  Mustafa O, Gller 2021
European Cells and Materials X €CM Journal (Eur Cell Mater) pravides an intergis 14732262 CH  Western Eurcpe AQ Research Institute

Transactions of the Annual Meeting of the Societyf Biochemistry; Biomaterials; Biophysics; Biotechni 15267547 US  Nerthern America

Definitions of Biomaterials for the Twenty-First Cen ~ *** x Definitions of Biomaterials for the Twenty-First G 978-0128182818 NL, UK, US  Imternational Elsevier long Zhang, David Wil 2013
The Biomedical Engineering Handbook: Four Volum ~ ++* x The definitive "bible” for the field of biomedical e 978-1439825334  US  Northern America CRC Prass - Bronzing, Donald R, 2018
Advanced Dental Biomaterials - x Advanced Dental Biomaterials is an invalusble reit76-8, 5780061024775 Elsevier Najesb, 5 2018
Additive Manufacturing Processes in Biomedical En ~ * x This book covers innovative breakthroughs in sdc 5781003217861  US  Northern America CRC Press kit Sharms, Vivek Jain 2023
Tissue Engineering Applications and Advancement.  ** x This new volume on applications and advances in 5781003180531 CA  Northern America Apple Academic Press wani, Rej K Keservan 2002
Biomaterials Science: An Introduction to Materials = x The revised edition of the renowned and bestsell  978-0128161371 UK, US Academic Press Shelly E 2020
Bio Engineering Database. Part 1: Introduction to B =** UK Western Europe ANSYS. ishby, Ana G Pereira-l 2008
White Paper on the Biologization of Materials Rese.  * The recommendations of the panel of experts on Preprints Bastmeyer, Stefan Bré 2018
Fundamentals in Biomaterials * Integrates materisls and biological propertiesto | 976-1493988549  CH  Western Europe Springer Sif Hasirci, Nesrin Hasl 2018
Engineering of Biomaterials -ee * Presents case studies on different applications of  978-3-319-586076  CH  Western Europe Springer mary Nichele Brandal 2017

Figurel9. Publications collection sheet

Another Google spreadsheatas provided for the collection of websites and sources containing an
abundance of information about stakeholders, entities materials that might be relevant for the
other collection sheetsHigure20). For example, this could be websites where lists of suppliers,
demanders, products, enablers, publications, and so forth are presented or where a large number of
suppliers, demanders, products, enablers, publicati@bs. can be identified.

Name URL Description Conferences Demanders  Enablers  Suppliers  Products  Books/lounals Marketplaces| |
Euroscicon Euroscicon is the longest running independent life scisnce ev %

conferenceseries Conferenceseries LLC Ltd and its subsidiaries incluging iMedF % *
VentureRadar hange VentureRadar discovers and ranks companies, making them v

Medtec China exhibitor list, interational suppliers, emphasis on China x x
MedtecLive exhibitor list, intemational suppliers, emphasis on DACH regic * *

BioSpace company information and news, not specialized on medical d * *

Medical EXPO medical-manufacturer/elboy find suppliers of medical devices and products x x

Medical Device + Diagnaostic Industry hs 122.ntm Medical Device + Diagnostic Industry (MD+DI] is 2 resource e x x
Newsweek pit: hospital rankings x

MedTech Europe list of partners (companies, sssociatiions, institutions) *

Medical Tenders Welcome to Medical Tenders, an exclusive portal where you ¢ x

EHPPA The EHPPA association was created in 2012 by Resah (Fr) & N x

Biomat Biomaterial Information Flatform; Biomat.net is an organized x

Scimago Journal & Country Rank 02 The SCImago Journal & Country Rank is a publicly available pc

Science Exchange With our enterprise SaaS-enabled marketplace, R&D teams o *
scientist.com Use our award-winning marketplace te quickly find the tools x

2PP D ik GmbH The company ZPP is a family business with over 20 years of &1 x x
Wound Reference We are 3 seli-funded startup building  decision support platt * *
Medwish B28 markstplace for medical supply and devices x
Medtec FZE Established in the year 2004, Medtec FZE is a leading distribu x x
eSutures.com eSutures.com is a wholesale liquidator of surgical disposables x x
Euro Biotechnologies , Euro Biotechnolagies is 3 leading Medical and Dental Supplie: * *
European of National Assc b embership/membershio-and-netwc The European Federation of National Associstions of Orthopz *

DEBBIE Database DEBBIE is the first automaticall curated database of biomater x

Figure20. Collection sheet for meta lists and sites

The current status of the structured knowledge and material collectlmow many entries have been
collected per segment so faiis shown graphicallin Figure21. It should be noted that this collection

does not aim at completeness, but only at generating a broad and large collection of information,
materials an relevant stakeholders that can serve as a resource for the BIOMATDB project. Relevant
new sources entities, or information can be added to the collection at any time until the data
collection is eventually submitted in the course of D2.5.
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D2.1 Knowledge compilation and structural matedallection

META
32 Suppliers
Publications
22,8%
Demanders

Marketplaces & Online Platforms

5% Enablers
Policy makers & Regulators 29%
48%
Investors
16% Products
Research Community (Researchers) 15,5%
9,0% Projects
Research Community (Institutions) 1.9%
81% Events

Figure21. Current status of the structured knowledge and material collection

2.4 Literature and Publication collection

In order to store and document relevant files and documents from the internet research and to have
access to the largest possible pool of information, we created an intétitadaryé folder that can be
accessed by all consortium membeFsglure22). Files and documents stored in this folder consist on
the one hand of publications, white papers, brochures, journal articles, books, market analysis reports
and other simar items relevant to the knowledge collection for BIOMATDB, or on the other hand of
product catalogues for biomaterials or medical devices.

Fir mich freigegeben > 070» BIOMATDB > Library ~ a2s

Name T

Product catalogues

IGUIDE Library Naming Conventions.pdf =&

(ebook) Biomaterials and Regenerative Medicine by Peter Ma.pdf &%

+BIOMATDB Structured Book Content Analysis =%

3.1 History of Biomater.pdf &%

360iResearch 2022 Global Biomaterials Market (Report summary).pdf =&

3766 Polymeric Biomaterials Second Edition.pdf &%

Aguilar 2022 Biomaterial Science (Gruyter) (Book).pdf &%

Allied Market Research 2022 Biomaterials Market Analysis Forecast 2021-2030 (Report summary).pdf ==

Ancient Greek and Roman Medical Instruments.pdf =%

Biomaterials in Orthopedics - Dekker 2004.pdf =%

Biomaterials Science.pdf &%

Business Research Company 2022 Biomaterials Market 2022-2030 (Report summary).pdf ==

CAMLOG Biotechnologies AG 2017 Ceralog® Implant System - Facts And Figures At A Glance (Whitepaper).pdf &%
Chen Thouas 2015 Biomaterials- A Basic Introduction (Taylor & Francis Group, LLC CRC Press) (Book) p. 18-23.pdf =%
Colloidal Biomolecules Biomaterials and Biomedical Applications(1).pdf &%

Corvi Fuenteslopez Fernandez Gelpi Ginebra CapellaGutierrez Hakimi 2021 The Biomaterials Annotator a system for ontology based concept annotation of biomaterials text (Journal).pdf =%
Dahman 2019 Biomaterial Science and Technology (Taylor & Francis Group, LLC CRC Press)(Book) p.176.pdf =%

Dental Biomaterials- Imaging, Testing and Modelling - Woodhead Publishing; (March 25, 2008).pdf &%

E BB BB EEBEBEEGEEBE N

Donnelly 2015 European perspectives on biomaterials for health {Journal).pdf =%

Figure22. Library folder
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D2.1 Knowledge compilation and structural material collection

On the one hand, to organise our references for the delivieand, on the other hand, to share our
knowledge resources with the public, the consortium created a knowledge library on the openly
accessible repository todlotero (seeFigure23). To share the collected sources with the public, a link

to the Zotero library will be posted on the BIOMATDB project website. Once they have created a Zotero
account, interested parties can access the repository through any browserdmwnjoading the free
software. If the files are open access, the PDF is provided along with the reference whenever possible.
Otherwise, the reference includes a link to the original source.

So far, based on the research and analysis activititgn D2.1175 knowledge resources have been
collected andvereincluded in the Zotero repository. This number is expected to grow in the upcoming
months as a result of the planned knowledge exchange with the key players in the field.

zotero w w Groups Documematon Forums  Getiwobed  BIOMATOBY . ===
v I by libry L g ]

Figure23. Zotero library
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D2.1 Knowledge compilation and structural matedallection m

3 Biomaterials definitions, classifications and landscape

Biomaterials are known as materials that have been engineered to direct the couagheryhpeutic

or diagnostic procedure by interang with components of a living systeft]. The biomaterials field

has gained much interest, because of their wide raofjapplications in medicine. In this way, they

are key components in medical devices and advanced therapies that benefit patients and society, by
improving healthcare outcomes, increasing longewtyd improving quality of life.

Biomaterials have been erfgyed from the beginning of human development, to act as structural
supports, to aid healing processes or as prosthetics to restore body functions.

Materials and human bodies have come across each other, due to accidents or war traumas. In the

lliad (book11)[2] a description on how a spear point was removed from a thigh is described. The
GYSYYSsAO] Yryés F2dzyR Ay a2dziKSNY 2FakKAy3aazy {{
a healing process occurred without foreign body reaction, at abou® B)Q [3]. A finding in Slovenia

suggests that 6500 years ago beeswax was used as dental filling, while in Italy, a more sophisticated
case has been reported: dental fillings composed of bitumen, gdlargs, and hair (with possible

antiseptic properties) are dated 13.000 years ago. As for sutahesinds of available materials have

been utilised from linen (Egypt), catgut, gold wire, even insect dilws

In southern Iran, at ShatiSokhtaarchaeologistdiscovered an artificial eyeball, made of gold, dated

to 2900B.C.a2NB | YITAy3atezs Ay | Y dzY Y & €1%00 B.G/ 8nSibn Rl G SR
orthopaedic screw was found, with the pin held together with an organic resin, similar to the
orthopaediccemert of today. Many artefacts have also shown the use of woodoftihopaedic
applications[4]. One may summarise that in ancient times, worldwide, the pertinent available
materials, with probably no or very little modification have been fhkdowing: wood, ivory, linen,

catgut, beswax, hair, leather, quartz, seashells, carbon, bitumen paste, silver, gold, copper, iron.

While ancient references are abundant on early use of materials to restore body functions, it was only

Ay GKS fFald pn RBYINESNIKHK I &) KES GI2WR @dHYY2y Ay a0
1950s, the interactions between the body and materials employed for medical applications were

poorly understood and implants presented a relatively low probability of success. The funceéioil d

from these devices has driven over the past several decades significant efforts into understanding the
interaction between living systems and biomaterials, which has contributed to the development of this

field as a multidisciplinary science, whighcompasses engineering, mediciaad basic science like

physics, chemistry and biologfy].

In medical applications, biomaterials are rarely used as isolated materials, but are more commonly
integrated into medical devices, implants or ATMPs. Furthempbex devices may use multiple
biomaterials[6], [7]. As an example, titanium can be called a biomaterial, but shaped titanium in
conjunction with ultrahigh molecular weight polyethylene becomes the device, a hip prosthesis.
Biomaterials are commonly used as prostheses in cardiovascularthopaedic, dental,
ophthalmological, and reconstructigeirgery, and in other interventions such as surgical sutiles,
adhesives, and controlled drug release systems or diagnostic deVioestanslatiorof biomaterials
science to clinically approved medical devices or ATMPs is dependéhj emgineering design(2)
testingin vitro, in animals and in humang3) clinical realitiesand (4) the involvement of industry
permitting product development andommercializatio7].
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As a constantly growing field, research in biomaterials that can be potentially employed as part of
medical devices or ATMPs is exponentially increasing. IRub&eddatabase, the number of results

08 &SINI F2NJ 6KEGSERANDK HEBANAYONBNASR mn GAYSa A
materials are patented, tested, and ultimately become part of a clinicaliyle product. In addition,

the growth of the field is ensured with the ageing population, the increasing stanofaliging in

developing countries, and the growing ability to address previously untreatable medical confitions

3.1 Definition

To correctly identify which data is related with th@omaterials field an updated concise and
unambiguous definition obiomaterialis required. This is difficult to achieve, as the elements to be
considered are manifold. Over the years, different definitions of biomaterial have been given and these
have changed and adaptedong with the development and expansion of the figtdyure24, created

by BIOMATDBhows aimelineof the evolution of the definition of biomatdals since the first formal
proposal in 1986 until now

1986 2000 2005 2010 2015 2020 >
Non-viable material (synthetic, natural or composite) which interacts with biological systems >

Employed as a part of a : -

. : Employed alone or as a part of a medical device
medical device
Therapeuticapplication Therapeuticor diagnosticapplication >
Non-described Biocompatible >
Non-described, supposed to be “inert” Inert or bioactive >
Non-described, supposed to be “stable” > Stable or biodegradable >
Non-described Sterilizable >
. Inside or outside
Inside body the body

Figure24. Timeline- Evolution of the definition of biomaterial

From the very beginning of the development of biomatergience, in the 6Qshey were defined as
AYFGSNAIFE A SYLX28SR a O2yaidAaiddzsSyida 2F AYLX Fydz
material in the body[8]. However, the first formal definition of biomaterials was coinedha 1

Biomaterials Consensus Conferencedmylc = g KSNB 06 A 2 YI (i S NJidble matekiai RS T Ay
dzaSR Ay | YSRAOFEt RSOAOS:I Ayl gY B2W] Thi? definision S NI O U
AYGNRRdIZOSR (92 1S58 O2yO3LI0&% YKESNRG{ @deed i 2 OKS Y'I
contain any living entity, and that the material interacts somehow with a biological system.

In the early 2000s, some specifications were included. Biomaterials were suggested to be of natural or
synthetic origin (or combination of that in the s of composites) and specifications about the
therapeutic functions that they can accomplish (replacing a tissue, part of an organ, enlarging them,
replacing their function, etc.)J9]. It was in 2005 at the European Society of Biomaterials (ESB)
conferen€6 6 KSNB o0A2YFGSNARFIET 461a RSTFAYSR a aYlFGSNAI
as an integral part of a process designed to evaluate, monitor, or treat tissues of the body, to replace
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or augment tissues, or to facilitate the regeneration ofitdzS & ¢ ¥ KA 3IKE AIKGAYy3I (GKS
biomaterials also for diagnostifg].

As previously mentioned, biomaterials have been employed as structural supports for healing or
replacement of body functions but presenting a high risk of failure. éMwmdution in the field in the

direction of evaluating the biological repercussions of biomaterials are also noticed in the evolution of

the definition. For example, Williams defined in 2008 that a biomaterial needs to have the ability to
GSEAAG ayiO2ybaddzSa 2F (KS KdzYly o02Reé ¢AGK2dzi O
[10, p. 2941]In 2009, he also stated for the first time that biomaterials can be usd¢ddmselves for

their purpose, without the requirement of being part of a medical deyicl]. Another important

concept introduced in this year by Mooney was that biomaterials do not just act as structural support,

but also can incorporate biologically active components to enhance their function and biocompatibility
(natural proteins, syntétic peptides, antibiotics, etc[)2].

The second definition coined by Williams remained unaltered for almost 10 years, when the most
recent advances in biomaterials required a change in the definition. For example, the development of
dynamic biomaterialsvith the ability to degrade after their purpose was fulfilled involved the
requirement of considering this concept in new definitiojis], [14] In addition, the economic
development of the biomaterials market also involved the incorporation of condigets biomaterial

need to be processable, sterilisable without difficulty, economical and avaifddle The high
development of the research in the interactions between biomateaiad aliving system and how

these interactions drive the success of tedical purpose is highlighted in the last definition of
2AftEALFYA AY HamgpZ adGFdAy3a GKFG F 0A2YFGSNARAIFE Aa
0KNRdzAK AYUSNIOGA2ya 6A0GK ftAQAYy3I aeadaSYyfmp GKS O2
22]. One last consideration is found in a recent book, in 2022, which considered that biomaterials can

be inside or outside the body; for example, tubing and filtering systems that are exposed during
prolonged times to body fluid4.5].

A compilation of the collected definitions is presentedTable4.

Table4. A rough matrix of the evolution of the definition of biomaterials

Definition (as cited in Ref.)

1967 Cohen, J. Article All materials, excepting drugs and sutures, which | [8]
used as implants. These fall conveniently into
following groups: (1) metals; (2) bone and derivati
of bone used agrafts; (3) plastics; (4) ceramics a
composites.

1986 Williams, D. Consensus A nonviable material used in a medical deviq [1]
Conference intended to interact with biological systems.

2003 Miller B.& Encyclopaedia] Any substance (other than a drug), synthetic | [9]
KeaneC. & Dictionary | natural, that can be used as a system or part C
system that treats, augments, or replaces any tiss
organ, or function of the body.

2005 European Consensus | A material intended to interface with biologic{ [9]
Society of Conference systems as an integral part of a process designe
Biomaterials evaluate, monitor, or treat tissues of the body,
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replace or augment tissues, or to facilitate t
regeneration of tissues.

2007

ParkJ.& Lakes
R.

Book

Any material used to make devices to replace a
or a function of a living system in intimate conte
with it in a safe, reliable, economic, ar
physiologically acceptable manner.

[16]

2008

Williams, D.

Article

Material that has the ability to exist in contact wi
tissues of the human body without causing
unacceptable degree of harm to that body.

[10]

2009

Williams, D.

Article

A biomaterial is a substance that has been engineg
to take a form which, aloner as part of a comple
system, is used to direct, by control of interactio
with components of living systems, the course of ¢
therapeutic or diagnostic procedure, in human
veterinary medicine.

[11]

2009

HuebschN. &
MooneyD.

Avrticle

Biomaterials made today are routinely informatic
rich and incorporate biologically active componer
derived from nature.

[12]

2012

Ratner, B.

Book

Synthetic and natural materials that are used ir
wide variety of implants, devices and proce
equipment that are in physical and chemic
interactions between complex biological systems.

[17]

2016

PhillipsP. Let
al.

Book chapter

A biomaterial is currently defined as a material th
has been designed to be used in any therapeutic
diagnosticprocedure to regulate the interactions ¢
single or multiple components of living systems wh
applied alone or as part of a complex device.

[18]

2016

MahyudinF &
HermawanH..

Book

Any inert or active substance, other than a drt
synthetic ornatural in origin, which can be used f
any period of time, which augments or replaces &
tissue, organ, or function of the body or support t
healing process of an injured tissue, in order
maintain or improve the quality of life of a
individual.

[19]

2017

dos Santo¥.et
al.

Book

Every material (except drugs) that have the ability,
be in contact with human body tissues witho
causing damages of unacceptable magnitu
Usually, for an undetermined period of time the
materials are employed afh¢ whole or an integra
portion of a system for treatment, enlargement,
replacement of any tissues, organs, or body functic
The biomaterial must be  biocompatibl
biofunctional, inert and sterilisable.

[13]

2018

Hasirci V. &
Hasirci N.

Book

[Qubstances implanted within or used in conjuncti
with the body, designed to have properties clos
matching that of the biological system, be stal
enough for the aimed use, have appropriate levels
bioactivity and are designed to partially or comjeligt

[14]
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fulfil the functions of the diseased, damaged
malfunctioning tissues and organs.

According toHasirci & Hasirc{2018 biomaterials
should ke biocompatible have physicochemical an
mechanical propertiecomparable to those of the
tissue it replaces ois implantedin, be processable
and sterilizable without difficultyand they should be
economical and available.

2019

Dahman, Y.

Book

(1) Any natural or synthetic material which can |
used in aiological system.

(2) Material implemented in medical devices with tl
primary objective of interacting with biologic:
systems.

[20]

2019

Williams, D.

Consensus
Conference

A material designed to take a form which can dirg
through interactions with liing systems, the cours
of any therapeutic or diagnostic procedure.

[1]

2020

Wagner, W.

Book

Synthetic and natural materials that are used ir
wide variety of implants, devices, and proce
equipment that contact biological systems.

[7]

2022

Aguilar, L.

Book

Materials that are used inside or outside the body
augment or facilitate normal physiological functio
are called biomaterials. It is an umbrella term useo
classify materials having properties that are useful
the human body. A ibmaterial must be compatible
with the human body by allowing the body to toleraj
its presence without the material causing any harm

the cells or the surrounding tissue.

[15]

evolving concept, depending on new applications, on new compaositions, and hybrid systems involving
pristine biomaterials, functionalized surfaceend biomolecules/cells. These are intended for use
inside the body (artificial internal organs), on the surface of the body, can be lifelong stable, or

v

Summarising the above considerations, we suggest that a strict definBidtJf a 0 A 2 Y G SNA | f &

biodegraded in a prescribed time span. However, emerging applications, such as diagnostics (e.g.,

functionalized biomaterials with specific ligands to select/sort specific peptides/cells), 3D cell cultures
and organoid disease models, promote the use of biomaterials. The need and search therefore of

a8YUKSGAO
specialised biomaterials as well.

After reviewing the available materials in literature related with the definition of biomaterial, we
elaborate an updated definition, based on the timeline evolutiosladred concepts considered in the

I RKSaA@Sas

collected definition and consensus of the project experts in the field:

Material employed to interact with biological systems for medical applications. A biomaterial can be of
natural or synthetic origin or can be a comddion of them and are employed alone or as a part of a
more complex medical product, mainly medical deyicesATMPs. A biomaterial requires to be

biocompatible and present appropriate properties for their final function.
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D2.1 Knowledge compilation and structural material collection

3.2 Classifications

Biomaterials came classified following a wide range of critereverthelesshaving an overview of
the main systems of classification employed in the field could help to organise diitkfacilitate the
access to biomaterials data and may help to construct thetfonalities of the database conceived in
the BIOMATDB project.

Traditional classification of biomaterials in books and review articles establish a classification of
biomaterials mainly based on their composition. This classification is also represengasdnmaterial
marketplaces. In these literature sources, four primary types of biomaterials are always described: (1)
metals, (2) ceramics, (3) polymeend (4) composites. Metals are mainly classified in noble metals,
like gold or silver, or in alloys thaonstitute a wide diverse group that could be easily classified by
their elemental compositioni.g.,titanium alloys, magnesium alloys, zinc alloys, etc.). While metals are
always of synthetic origin, ceramics and polymers could be of natural or simthifin. In the case of
ceramics, their origin only determines the source from where the elements are taken to then produce
the ceramic products, so the classification mainly relies, as well as for metals, on the elemental
composition (.e., calcium phophates, calcium sulphates, zirconia, etc.). On the other side, natural
polymers (mainly polysaccharides and polypeptides) and synthetic polymers (like PEG, PCL, PMMA,
etc.) present marked differences both in their chemical characteristics and in obta@ng Finally,

these materials can be combined forming composite materials, commonly of two of them but even
more complex onefl5].

Along with the classification by composition, books aminlythe market segmentation also identify

a classification baseah the final application of the biomaterial, with the main ard@sngneurology,
cardiology, orthopaedics, ophthalmology, wound care, dental, plastic syrgedyother applications

[21]. Both kinds of classification are also represented by categonraticontologies and in the
International Patent Classification, where raw materials are classified based on their chemistry, while
the final complex objects are classified based on their application. As most biomaterials are employed
composing these compteproducts, this kind of classification is also valuable irbtbmaterials field

Biomaterials need to fulfil complex and specific requirements instructed by their final@sphysical
properties, chemical properties, biological properties, etc9.dnamically annotated in the term
context evolutionper se these properties are crucial to define a biomaterial. This in turn makes
biomaterial properties highly relevant for the classification and filtering of biomaterials, as also
reflected in book$14], [16]and in relevant ontologies in the field (DEB, others).

Biomaterials are rarely used in their primary form (as raw material) and mostly employed once they
are shaped (for example, as fibres, coatings, implants, etc.), modified (for exampl&sbiinging,
functionalization, chemical modification, etooy as a part of a complex object like medical devices or
ATMPs. Under that prism, the shape and manufacturing/processing of biomaterials is also a key
determinant of their final applicatioff]. The stage of development of a biomaterial until it is part of

an approved medical product is also a key aspect for people working in biomaterials.

Taking all these into account, notwithstanding that other parameters may be determined in upcoming
tasks of he project, we will focus on 5 different relevant aspects to classify biomaterials(lie.,
composition, (2) application, (3) properties, (4) form/metheos (5) stage of development.
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In the following sections, we collected different biomaterials reses which present biomateril
classification to orgasé the biomateriat knowledge. These classifications can be observed in the
Screenshotef the databases and marketplacesllected inthe Annex

3.3 Terminology commonlyencountered

Biomaterials science is an area of advanced technology where a large number of new terms are being
introduced or invented. Some of them are words that had been derfvath within an established

area but are now being used in the context biomaterialswith a different meaning. In other
situations, there is a clear need for a new word to describe a phenomenon or ofijesgthere is no
acceptable existing word. Part of the probleeslithin the multi and interdisciplinary nature of the
subject. Table5 aims to bring an overview of the most common and relevant terminology in the
biomaterial€Xield, based on the definitions established Definitions of Biomaterialfor the 2Ist
Century, X. Zhang & D. Williams:

Tableb. Overview of the most common and relevant terminology in the biomaterials field

Term Definitions

Absorption The process of taking some agent into a substanceh®mical or physica
action.

Artificial Organ | A medical device that replaces, in part or in whole, the function of one of
organs of the body.

Bioactive A material which has been designed to induce specific biological activity.
Material
Bioadhesion The adhesion of cells and/or tissues to the surface of a material.

Bioattachment | The fastening of cells and/or tissue to the surface of a material, inclu
mechanical interlocking.

Biocompatibility | The ability of a material to perform withn appropriate host response in
specific application.

Biodegradation | The gradual breakdown of a material mediated by specific biological activit

Bioprosthesis An implantable prosthesis that consists totally or substantially, of nonviz
treated, danor tissue.

Bioresorption The process of removal by cellular activity and/or dissolution of a materia
biological environment.

Degradation Deleterious change in the chemical structure, physical propediegppearance
of a material or an irreversible process leading to a change of the structurg
material, characterised by a loss of properties and/or fragmentation.

Device Something contrived for a specific purpose or something made or adapted
particular purpose.

Drug Any substance, natural or synthetic, which has a physiological action on a
body, either when used for the treatment of disease, or the alleviation of [
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or for selfindulgence or recreation or a substance intended for usehe
diagnosis, cure, mitigation, treatment or prevention of disease

Graft

A piece of viable tissue or collection of viable cells transferred from a dono
to a recipient site for the purpose of reconstruction of the recipient site.

Host Response

The reaction of a living system to the presence of a material

Hybrid Artificial
Organ

An artificial organ that is a combination of viable cells and one or 1
biomaterials.

Immunity The capacity of a body to recognize the intrusion of foreimaterial and to
mobilise cells and cell products to effectively remove that material.

Implant A medical device made from one or more biomaterials that is intentior
placed within the body, either totally or partially buried beneath an epithe
surfac.

Material A substance useful for making objects.

Medical Device

An instrument, apparatus, implement, machine, contrivancejtroreagent, or
other similar or related article, including any component, part or acces
which is intended for use irhe diagnosis of disease or other conditions, o
the cure, mitigation, treatment or prevention of disease in humans.

Mesh An open fabric made of intertwined fibres.

Nanoscale Having one or more dimensions of the order of 200 nm or less.

Organ Part of a body adapted and specialised for the performance of a partic
function.

Percutaneous | A medical device that passes through the skin, remaining in that position

Device significant length of time.

Permucosal A medical device that passélsrough a mucosal surface, remaining in tk

Device position for a significant length of time.

Prosthesis A device that replaces a limb, organ or tissue of the body.

Resorption The breakdown of a structure and consequent assimilation of resulting
ponents into their environment.

Thrombogenicity The property of a material which induces and/or promotes the formation
thrombus.

Tissue A level of organisation in multicellular organisms consisting of a grod
structurally and functionally similaells and their intercellular material.

Transplant A complete structure, such as an organ, that is transferred from a site in a ¢
to a site in a recipient for the purpose of reconstruction of the recipient site

Vector A carrier that transfers a bliogical substance, especially an infective agent, f

one site to another.
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3.4 Market overview

Based on the summary reports from market research providehich areavailable online (se€able

6), the size of the global biomaterials market in 202dsestimated to be $115.02 billion (as median
from values available for that year). The biomaterials industry is foreseen to expandustid$t in

the upcoming years, with a global market size projected to reach $212.41 billion by 2030 and an
expected compound annual growth rate of 12.74%.

Table6. Gobal biomaterialsmarketdata derivedfrom online marketanalysigproviders

Market analysis

provider

2021 global biomaterials
market size (in billion

2030 global biomaterials
market size (in billion

Compound Annual
Growth Rate (%) to 2030

USD) USD)

360iResearch 125.44 N/A N/A
Allied Market N/A 212.4052 12.7
Research

Grand View 135.4 N/A 154
Research

Inkwood Research 115.02 269.55 12.78
Market Research N/A 212.40 7.80
Future

Research and N/A 212.4052 12.7
Markets

The Business 91.08 N/A N/A
Research Company

Verified Market 112.74 361.45 14.80
Research

Median 115.02 billion USC 212.41 billion USD 12.74%

The unprecedented global need for COXED vaccines demonstrated the critical importance to
upscale both thebiomaterial/nanomaterial manufacturing capacity and supply chains, globally and
timely. Moreover, it underlined the need to map, articulagsd employ the raw material producers
and suppliers in all regions, to enable equity in production and distribuddong with the need for
raw materials for vaccine development, issues of ancillary material production (e.g., needles and
glassware for vaccination) emerged. In addition, the C&¥lPandemic has disrupted healthcare
services globally. Indeed, many haafs and clinics had to prioritise emergency procedures while
focussing their resources to care for COY8@ted patients[22]. The COVIDSurg Collaborative, a
global research network, focussed on the impact of C&Ibn surgical care, studied the impad

the pandemic on elective surgeries. In June 2020 it estimated that, based eweekeriod of peak
disruption to hospital services due to COMMD) over 28 million elective surgeries worldwide would be
cancelled or postponed in 2020. They projectethopaedic procedures to be those cancelled most
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frequently, with more than 6 million orthopaedic surgeries cancelled worldwide ovetvee&R period

[23]. Therefore, the COVAIR pandemic negatively affected the global demand for biomaterials. It also
adversely influenced the supply of biomaterials, as manufacturers and sellers were forced to shut
down temporarily during times of imposed nationwide lockdowns. These combined consequences
resulted in a negative impact on the biomaterials market.

However, dew elements are expected to positively drive the growth of the biomaterials market in the
future:

A Ageing population:Acrossthe world, people are living longer than ever befoAgcording to
the United Nations, the proportion of the global population ddi years or over is expected
to increase from 10 per cent in 2022 to around 16 per cent in 2050, so that one in six people
in the world will be aged 65 years or oy24]. This rising prevalence of the geriatric population
is anticipated totrigger an increase in the demand for implantable devices to deal with
common conditions associated with older age such as osteoarthritis, osteoporosis, and other
musculoskeletal disorders.

A Increasing prevalence of chronic diseas@ste rising incidence ahronic conditionsuch as
obesity, diabetes, and cardiovascular disease is driving demand for medical devices and
treatments that use biomaterials. For example, the increasing prevalence of obesity is driving
the demand for weight loss surgery, whichesftinvolves the use of biomaterials. Similarly,
the rising incidence of diabetes is leading to an increase in the demand for insulin pumps and
other devices that use biomateria[25]¢[27]. Data from the World Health Organisation
indicate a majority of deths worldwide are caused by cardiovascular diseases. In 2019, 17.9
million people died from cardiovascular diseases, representing 32% of all deaths globally.
Heart attacks and strokes accounted for 85% of these defBF This high burden of
cardiovascudr diseases constitutes a great potential to boost the market with demand for
biomaterials including stents, heart valves, cardiopulmonary bypass system, and vascular
grafts.

A Funding and regulatory supporAlong with the rising demand for medical implana number
of government organisations and universities have increasimglyided investments, funds
and grantsor regulabry supportto promote research and innovation activities in the field of
biomaterials. This is creating new scope for growth inlileenaterials market. On the other
hand, the supported research activities will likely encourage discoveries and technological
advancements in areas in expansion such as tissue engineering and regenerative medicine
[25]¢[27].

A Growing awareness of the beni$ of biomaterials:Asmore people become aware of the
benefits of biomaterials, such as their biocompatibility and ability to improve patient
outcomes, there is increasing demand for products made from these materials. For example,
the use of biomateria in drug delivery systems is growing as more people become aware of
their ability to control the release of medications and improve treatment outcomes. Similarly,
the use of biomaterials in tissue engineering and regenerative medicine is growing as more
people become aware of their ability to promote tissue growth and repeirkets[25], [26],
[29]¢[31].
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Biomaterials are poised to revolutionise the medical and healthcare industries with their catigey
gamechanging technologies. These advancementt significantly shape the future of these
industries for years to coméne of the most significant trends is the increasing use of 3D printing
technology [32]¢[36] to produce customised medical devices and implantsdditionally,
biodegradable and bioresorbable biomaterials that can be absorbed by the body over time are being
developed for various applications, like drug delivery systems, tissue engineering, and medical devices
[29], [32], [35], [37] Bioactive materials, which camteract with living tissue to promote healing, are

also being explored in the biomaterials indug@g], [29], [30] Natural materials, such as collagen and
chitosan, are being used to replace synthetic materials due to their biocompat[Blify[33] Lastly,

smart materials are being developed, which can change their properties in response to stimuli such as
temperature or pH, allowing for more adaptive and controlled delivery of di@fsjs All of these trends

point to amazing potential for the bioaterials industry.

Despite the many opportunities for growth and innovation in the biomaterials industry, there are also
a number of challenges that need to be addressed. Some of these challenges [@8]L1d80K[32],
[38]:

A Regulatory hurdlesThe procss of getting regulatory approval for medical devices that use
biomaterials can be lengthy and costly. This can create barriers to entry for new companies
and slow the pace of innovation in the indusf®p], [30K[32], [38]

A High cost of research and delment: Developing new biomaterials and medical devices
that use them is a complegxpensiveand even riskprocessas there is always the potential
for biocompatibility issuesThis can limit the number of companies that are able to enter the
market andcan also make it difficult for smaller companies to compete with larger, established
players[26], [29], [39]

A Limited availability of raw materialsSome biomaterials are made from rare or hdodobtain
raw materials, which can limit the production tiese materials and create supply chain
challengeg25], [30]

A Ethical concerns:There are also ethical concerns surrounding the use of biomaterials,
particularly when it comes to the use of materials of animal or human origin. This can create
challenges for companies that are developing products using these maf{do§|$41]

As &plained insection3.2 above the biomaterial market can be segmented by composition (metals,
ceramics, polymers and natural materials) or bylamtion (orthopaedics, cardiovascular, dental,
plastic surgery, etc.). With regard to composition, the majority of market research provisteis in

Table6 agreethat the metallic biomaterials segment accounted for the largest share of the global
market in the past few years (2019 to 2021) and the segment is expected to retain its dominance over
the forecast period. This is attributed to their good mechanical progs including high strength,
stiffness and resistance to fatigue degradation that make them suitable for the manufacturing of
medical devices that are extensively used for orthopaedic, cardiac and dental procedures. Polymeric
materials are also predicteto witness a strong increase in revenue generation owing to their wide
range of applications and in particular their broad usage in the field of tissue engineering. Based on
application, the cardiovascular and orthopaedic segments were leading the ®aalatmarket in the

past few years (2019 to 2021). The increasing prevalence of cardiovascular diseases and the rising
adoption of biomaterials in advanced cardiovascular devices have contributed to the growth of the
former segment. A major factor behiride growth of the latter segment is the rising use of metallic
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biomaterials in orthopaedic applications due to their high Hmdring capacities. Continuous
developments for the introduction of advanced orthopaedic implants by market players as wedl as th
growing prevalence of orthopaedic replacements are expected to boost the market share of the
orthopaedic segment in the forecast period. In addition, the plastic surgery industry is experiencing a
tremendous transition. Plastic surgery demand is expetaddcrease in the forecast period thanks to

a positive perception of cosmetic procedures and technological advancements.

In terms of regios, North America dominated the global biomaterials market in the past few years
(2019 to 2021). This was attributetd a number of factors including the rising prevalence of
cardiovascular diseases and orthopaedic replacements, a growing incidence of cancer, high
government funding in research and development, favourable government policies and a growing
number of prodicts launched by key market players. In the forecast period,-Paiific has been
identified as the most promising market for the growth of biomaterials, owing to a rise in the geriatric
population along with the increasing incidences of chronic illnesael as cardiovascular diseases,
diabetes and arthritis, and a growing, improved healthcare industry in the area.

Around 25% of the world gross national income is generated by the BRICS counBBiexil, the
Russian Federation, India, China and Sétita- while more than 40% of the wor®ipopulation lives

in these countries and about 40% of the global disease burden is borne by [##JmRecent
projections foresee a trend in all BRICS countries toward increasing their per capita health spending i
terms of purchasing power parity by 203@3]. There is therefore scope for biomaterials market
players to take advantage of future growth opportunities in these emerging economies, as there is
expected to be a rise in the demand for novel medical devacewell as advanced healthcare services

in the respective healthcare systems of those countries in the coming years.

The biomaterials market is moderately competitive. Some of the-kiestvn companies in this market

are Koninklijke DSM NfRoyal DSM)Cabion NV,Zimmer BiometNoble Biomaterials Inc. and Bayer

AG. Currently, with the increasing focus of all companies in emerging economies, some of the small
and mediumsized companies are also penetrating the market and competing for market share. The
polymeric biomaterials market is also moderately competitive. It consists of several major players. In
terms of market share, a small number of major players currently dominate the market. However, with
technological advances and product innovations, s@adl mediumsized companies are increasing

their presence in the market. Companies such as BASF SE, Bezwada Biomedical LLC, Corbion NV,
Zimmer Biomet and Royal DSM have a substantial share of the market.
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Drivers

Increasing geriatric population and associated health conditions
High burden of cardiovascular diseases

Increased financial support from governments and universities
New discoveries and technological advancements

Rising awareness of biomaterials products

Restraints

e Stringent clinical processes and regulatory framework
* Biocompatibility issues of new biomaterials
¢ High prices of medical products

Opportunities

¢ Increasing healthcare spending in emerging countries

Figure25. Overview of tie dynamics that govern the global biomaterials market.

Overall, the biomaterials industry is poised for significant growth in the coming years, with many
exciting developments on the horizon. The increasing prevalence of chronic diseases, the ageing
populaion, and technological advances are all driving the demand for biomatsa&#d products. In
addition, the increasing use of 3D printing technology and the development of biodegradable and
bioresorbable materials are expected to open up new markets fomhterials. The future of the
biomaterials industry looks bright, with many opportunities for growth and innovation.

3.5 Landscapend Community

After this comprehensive overview of the most important developments, terms, definjtiang
distinctions in thefield of biomaterials, the next sections are intended to provide an overview of the
key players in the extended field of biomaterials.

3.5.1 Industriallandscape

In the last few decades, the biomaterials industry has not only grown in the numbmrodticts
available and under development, but also has advanced economically in a significant way. The market
related to the biomaterials area is significant both from the point of view of the number of units sold
annually and the financial turnover obseryand can be conveniently segmented based on two main
criteria [25]¢[27], [29], [30], [32], [33] The first refers to the types of compounds from which
biomaterials are made, such as metals, ceramics, polymers, and materials of natural origin. The second
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criteria is based on the application, such as orthopaedic, cardiovascular, dental, ophthalmologic, plastic
surgery, tissue engineering, injury treatment, neurologieald central nervous system disorders, as
well as devices for central nervous system dligos, and also includes devices for other applications,
such as gastrointestinal and urinary, as drug delivery systanfier bariatric surgery. However, there

are some additional ways to segment the biomaterial maféét, [44], [45]that are the following:

1 By end userThe biomaterial market can be segmented based on the type of organisation that
is using the biomaterials, such as hospitals, research institutions, or pharmaceutical companies
[31], [33}

1 By geographyThe market fobiomaterials can vary significantly by region, and it can be useful
to segment the market based on geographic locafsi, [27], [29], [31]

1 By technological advancementBiomaterials can be classified based on the level of
technological advancement dhe material, such as traditional biomaterials or advanced
biomaterials[25], [33}

1 By phase of product life cycl®iomaterials can be classified based on whether they are in the
research and development phase, the commercialization phase, or the méatase pf their
product life cycld33];

1 By price pointBiomaterials can be segmented based on their price or cost, such apriggh
or low-priced biomaterial$33], [46]

1 By regulatory approval statusBiomaterials can be classified based on whethelythave
received regulatory approval for use in medical and healthcare applications, such as FDA
approved biomaterial§31], [47], [48]

1 By manufacturing proces®iomaterials can be segmented based on how they are produced,
such as through traditional mafacturing processes or through advanced manufacturing
techniques like 3D printin3];

1 By target patient population:Biomaterials can be classified based on the type of patient
population that they are intended to serve, such as paediatric biomaterialgedatric
biomaterials[33].

This is a market with some competitiveness, since, although it is possible to list some major players,
we cannot speak of a concentrated domain. Among the companies active in the biomaterials business
in the world, both in obdining raw materials and in manufacturing of products for use in the healthcare
area, the following can be cited as the key play28g[27], [29K[33]:
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Table7. Industrial landscape

Product Portfolio CompanyDescription

DSM is a global consumer health and welln
rophie company that develops, markets ar
Coatings distributes branded products that suppo
health and wellness. DSM produces a w
o range of biomaterials, including polymer
Drug ‘ ira resins, and other materials used in medi
il i devices and other healthcare products. DSM
currently expanding internationally. DSM has
strong presence in countries such as the Uni
States, Canada, China, Australia, Braazil,
India, and holds a significant market share in
Dynecne el health and wellness indu NB ® 5 {
customers are health and wellness retaile
distributors, and consumef49]¢[53].

Bayer AG is a global company that engage
the development, manufacture, and disti
bution of products in the healthcare, nutritior
and highttech materials industries. The cer
pany operates through several segments, inc

Development ding Pharmeeuticals, Consumer Health, Cr
of . . ]

Breseription Science, Animal Health, and Covestro.

Hioduc Pharmaceuticals segment focuses on {

development and marketing of prescriptic
products in various areas, including won
healthcare, oncology, and ophthalmology. T
Consumer Health segment manufactures &
sells a range of products, including diete
supplements, cold and allergy medications, &
s : sun protection products. The Cropciéhce

care Engf:fg:fing segment provides seeds, plant traits, and cr
FIOEUES protection products. The Animal Heal
segment offers prescription and ne
prescription veterinary products. The Coves
segment produces raw materials f
polyurethane and polycarbonate products,
well as byproducts of polyether production an
chlorine production and use. Bayer AG
headquartered in Leverkusen, GermajbA]c
[56].

Medical
Devices
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Johnson & Johnson (J&J) is an Amer
multinational corporation that is a global play
in the healthcare industryfounded in 1886, the
company produces medical device
pharmaceuticals, and consumer packac
goods and serves customers in more than
Development countries through operations in more than ¢
of countries. J&J has a strong presence in
st markets such as the United &s, Canada
China, India, and Brazil and holds a signific
YFEN] SG aKFENB Ay ((GKS
SO main customers are healthcare provide
Products RAAGNAROdzi2NARZ | yR O
business is divided into three segmen
Consumer, Pharmaceugtl, and Medica
Devices. The Consumer segment produ
products for baby care, oral care, beauty, ov
e Tsue the-O2 dzy 4 SNJ LIKI NX I OS dzi
Devices Engineering and wound care markets. The Pharmaceut
segment focuses on therapeutic areas such
immunology, infecbus diseases and vaccine
neuroscience, oncology, cardiovascular ¢
metabolism, and pulmonary hypertension. T
Medical Devices segment offers products us
in the orthopaedic, surgery, cardiovascul
diabetes care, and eye health fieldF]¢[59].

Medtronic is a medical technology compa
that is a global leader in the developmer
manufacture, distribution, and sale of devic
based medical therapies and services. Foun
in 1949, the company has operations in mc
than 140 countries and serves custers in
e more than 160 countries, making it a tru
systems global player. Medtronic has a strong preser
in key markets such as the United Stat

Canada, China, India, and Brazil and holc
Mo:(:liecgl significant market share in the healthca
Devices AYRdza i NBE ® a S Rusth®eys A dbel
Qv healthcare  providers, distributors, an
O2yadzySNE® ¢KS O2YLJ
into four segments: Cardiac and Vascu
Group, Minimally Invasive Technologies Gro
Implantable o Restorative Therapies Group, and Diabe
Deie Group. The Cardiac and Vasoul Group
segment includes the Cardiac Rhythm and He
Failure, Coronary and Structural Heart, a
Aortic and Peripheral Vascular divisions. 1
Minimally  Invasive Technologies Gro
segment comprises the Surgical Innovatic
and Respiratory, Gastrointestil, and Rena
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divisions. The Restorative Therapies Gr¢
contains the Spine, Brain, Specialty Therap
and Pain Therapies divisions. The Diabe
Group segment focuses on the developme
manufacturing, and marketing of products a
services for the maagement of Type | and Tyg
Il diabetes. Medtronic is headquartered
Dublin, Ireland60]¢[62].

Stryker is a diversified medical technolo
company that is a global player in tt
development, manufacture, and marketing
innovative medicaldevices, instruments, an
implants. Founded in 1941, the company I
operations in more than 100 countries ar

Joint serves customers in more than 130 countri
eI Stryker has a strong presence in key mark
such as the United States, Canada, Ch
Australia, Bazil, and India and holds
significant market share in the medic
G§SOKy2ft23& AYyRdza(GNE ¢
WA A are healthcare providers, distributors, ar
O2yadzYSNE® ¢KS O2YLJ
into three segments: Orthopaedics, MedSL
and Neuroechnology and Spine. The
Orthopaedics segment provides reconstruct
— e and trauma implant systems. The MedSt
Devices segment deals with surgical equipment a
navigation systems, endoscopy, patie€
handling, and reprocessed medical devices.
Neurotechnology ad Spine segment pertain
to spinal implants and neurovascular produc
Stryker is headquartered in Kalamazoo,
[63]¢[65].

Devices
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3M is an innovative technology company thal
a global player in the manufacture of industri
safety, and consumeproducts. Founded in
1902, the company has operations in more th
70 countries and serves customers in more tf
200 countries. 3M has a strong presence in
markets such as the United States, Cane
Medical China, India, and Brazil and holds a signific
Devices market share in the healthcare, comm
nications, and office business industries. @GN
main customers are healthcare provide
distributors, and consumers. The compé&n
Personal business is divided into four segments: Saf
Protective  JC |1, i WP and Industrial, Transportation and Elemtics,
S Health Care, and Consumer. The Health C
segment includes medical and surgical suppl
skin health and infection prevention product
oral care solutions, separation and purificati
"‘é‘;‘_gd sciences, health information systems, iRf
Products lation and transdemal drug delivery systems
and food safety products. The Consumer-s
ment products includes office supply produc
stationery products, home improvemer
products, home care products, protecti
material products, certain consumer rete
personal safetyproducts, and consumer healt
care productg66]¢[68].

Victrex plc is a Britishased supplier of high
performance polymers. The compaayhead

quarters and manufacturing operations a
- located in the United Kingdom, and it has sa
Polymers and distribution ofices in more than 4(
O2dzy UNASA 62NI R6ARSd
expeaience, Victrex develops world leadir
solutions in PEEK based polymers, siémighed
and finished parts which shape future pear
mance for its customers and its markets, bri
environmental and societal benefits and dri

¢

A A

PEEK- victrex value for its shareholders. Victrex has a strc
Igigr’:’t':;“l’e presence in countries such as the United Sta
Polymers Canada, China, Australia, Brazil, and India,

holds a significant market share in the hea
and wellnessindusty + A OG NBE Qa
are health and wellness retailers, distributo
and consumer$§69], [70]
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Implantable

Devices

Maii\:i'als {3 KHDEERB

Cutting
Tools

Kyocera is a leading global supplier of print
solutions, electronics, and components. T
company is also a leading supplier of -b
materials, using its advanced ceramics &
metal technologies to provide innovativ
solutions in the healthcare industry. Kyoce
has developed a wide range of biomaterials
use in medical devices, such as implar
prosthetics, and drug delivery systemThese
materials have been used in a variety of med
applications, including joint replacement
dental implants, and orthopaedic surger
Kyocera has also developed a range of-1
compatible materials for use in the develo
ment of drugdelivery systems, such as mic
needles and other drug delivery device
Kyocera has operations in over 160 countr
and serves customers in over 180 countri
making it a truly global player. Kyocera ha:
strong presence in key markets such as
United States, Canada, China, Australia, Br
and India and holds a significant market share
the printing, electronics, and componen
industries. Kyocef@ main customers are distr
butors, retailers, and consumers. The co
pany@ business is dividedtm six segments
Fine Ceramics, Semiconductor Compone
Applied Ceramic Products, Electronic Devic
Telecommunications Equipment, and Info
mation Equipment. Kyocera is headquarterec
Kyoto, Japafi71]¢[75].

Biodegradable
Polymers

@ evonik

Biocompatible

Polymers

Evonik Industries is a leading s
chemicals company that produces a wide rar
of industrial and consumer products. T
company has a strong presence in key mark
such as the United States, China, India, Br
and the United Kingdom, and holds a signific
market share in the spdalty chemicals
AYRAZZGNE ® 902y Al Qa Y
and consumer product manufacturers, dist
0dzii 2 NB = YR NBGEFATS
divided into five segments: Nutrition and Ca
Resource Efficiency, Performance Materia
Sewices,and Other Operations. The Nutritio
and Care segment produces specialty che
icals, mainly for use in consumer goods for d
needs and in animal nutrition and healthca
products. The Resource Efficiency segm
supplies materials and specialty additvéor
environmentfriendly and energiefficient
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system solutions for the automotive, paint
coatings, adhesives, construction industri
and other sectors. The Performance Materi
segment manufactures polymer materials a
intermediates, mainly for theubber, plastics
and agriculture industries. The Services -s
ment comprises site management, utilitie
waste management, technical, proce
technology, engineering, and logistics servi
for the chemical segments and extern
customers. Evonik Indussss is headquarterec
in Essen, Germarjy6]c[78].

"9 Celanese

The chemistry inside innovation

Celanese is a global technology and speci
materials company that operates in three me
segments: Engineered Materials, Acetate T
and Acetyl Chain. The Engineered Mater
segment includes businesses that produ
materials for diverse industries, such as fo
automotive, and construction. The Acetate T¢
segment produces acetate tow and acete
flake, which are used primarily in filter produci
The Acetyl Chain segment consists
intermediate chemistry, emulsion polymer
and ethylene vinyl acetate (EVA) polyme
businesses. Celanese is headquartered in Iry
Texas and has a strong presence in count
around the world, including the United State
China, India, Brazil, and thénited Kingdom
The company serves a variety of custome
including manufacturers, distributors, ar
retailers in the healthcare, medical device, a
other industrieg79]¢[82].

High-
Performance
Polymers

O-BASF
We create chemistry

Resins

BASF is a multinational chemical company v
a strong presence in coumis such as the
United States, China, India, Brazil, and

United Kingdom. The company operates
several segments, including Chemic:
Materials, Industrial Solutions, Surfa
Technologies, Nutrition and Care, Agricultu
Solutions, and Other. BAS$ a leader in the
biomaterials industry, offering a wide range
innovative materials for the healthcare ar
medical device markets. The company ser
medical device and healthcare manufacture
distributors, and retailers as its main custome
[83]¢[86].
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PURASORB®
Polymers

Corbion

Resins

Corbion is a global company that specialise
the development and production of bic
materials for use in the healthcare and medi
device industries. The company has a strc
presence in countries such as the United Stat
China, IndiaBrazil, and the United Kingdon
and holds a significant market share in the-b
YFGSNARLFf A AYyRdzaGNE O
are medical device and healthcare mar
facturers, distributors, and retailers. In additic
to biomaterials, Corbion also producesaxiety
of other materials including polymers and res
[87]c[89].

lonic+
Antimicrobial
Advantage™

NOBLE

N
.~ BIOMATERIALS

lonic+®
Mineral

Antimicrobial

Noble Biomaterials is a leading company in
biomaterials industry, specialhg in the de
velopment, manufacture, and marketing of a
vanced antimicrobial technologies. These te
nologies are designed to provide bacter
management, wound management, and odc
elimination solutions through the use of->
STATIC, a silver fibre with anticrobial, anti
static, heat transfer, and therapeutic prope
ties. Noble Biomaterials was foded in 1997
and has a manufacturing facility in Penns
vania. The company serves customers in var
countries around the world, including th
United States, China, India, Brazil, and

United Kingdom, and holds a significant mar
share in the biomterials industry. Its mair
customers are medical device and healthc
manufacturers, distributors, and retailef30]¢
[93].
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Absorbable
Polymers

Bezwada Biomedical, LL

Bezwada Biomedical is a privatdigld bio
materials company with a global presence in 1
healthcare and medical devicemarkets. The
company speciaés in biomedical absorbab
polymers and develops, manufactures, a
markets absorbable monomers and polyme
for various biomedical applications and medi
devices. Bezwada Biomedical has a str
presence in countries su@s the United States
China, India, Brazil, and the United Kingdc
and holds a significant market share in t
biomaterials  industry. The  compa®y
biomaterials are used in drug delivery syster
wound dressings, and implants for repair
replacement otissues and organ94]¢[97]

Orthopedic
Implants

Wound
Care
products

@ ZIMMER BIOMET

Soft Tissue
Repair
Products

Zimmer Biomet is a global medical dev
company that specialises in musculoskele
healthcare. The company designs, ma
factures, and markets a wide range of produc
including orthopaedic reconstructiveroducts,
sports medicine, biologics, extremities a
trauma products, officdbased technologies
spine, cranimaxilldacial and thoracic pro
ducts, dental implants, and related surgical p
ducts. Zimmer Biomet is known for its focus
innovation and fgh-quality products and has
strong presence in countries such as the Uni
States, China, India, Brazil, and the Uni
Kingdom. Zimmer Biom& main custmers are
healthcare providers, distributors, and coRrs
mers. The company is headquartered
Warsaw, Indiang98]¢[101].

Most companies have equity as one of the main sources of investment, followed by research and
development projectsand finally loans, but mainly these companies have more than one source of

investment[31].

3.5.2 Research landscape

Toget a better sense of the major players in the field of biomaterials rese#iretuilt-in analysis
tools on the WoS [102] and Scopus[103] databases were used. IBcopus the search terms

A0A2YIF GSNAI €

were usédh F Y KESNDI i §82 NB

a¢cAlt Sz

years were limited to 2022, 2024nd 2020, the document type was limited to articles in the final stage

YR GKS
4. daAySaas

adzo6 2S00 |
al yl 38ySyis

NEB I a
YR

GOYODBANRYYSyYyilt
1 002dzy iAy e 3

{DYOgOHSE X
a9 NI K

search to limit the number of result¥he search conducted in the middle of December, 2022 yielded

in 17,808 resultsin Wo&

iKS

aSI NOK 5 disMNZY lalvSNMIO & ¢ | by

iKS

used to find relevant publications in the field of medical biomaterials from the last 10 years. The search
conducted on December 13, 2022 resulted in 3,777 results fror\tek of Scienc€ore Collection.

© 2023 BIOMATDB

HORIZON CL42021-RESILIEN@HE-25| 101058779

1 6ad NI C

a



D2.1 Knowledge compilation and structural matedallection _

These esults werefurther analysed in terms of the institutions that the authors of the publications

are affiliated with. InWeb of Sciengehe institutions that were most frequently mentioned included

GKS da/ KAySasS ' OFRSYe 27F {20WSW1O0S{a& Y AWS: Gl o A DENE
WSOKSNODKS { OASYIiRAGKS &V bMigeRMeanyile) & Sdopgus theé 06
GaAyAaldNE 27T (9KkRdzGil/ IKM2YS &/ SK AlYOHéRSYe 2F { OASyO0Sa¢ sz |
thea/ SYGNBE bl A2yl f RS I w8 gRSNIEKSS a{ O N®Y NRT AlSRS
most frequently mentionedKigure27).

83 3
CHINESE ACADEMY OF SCIENCES SHANGHAI JIAO

UNIVERSITY
N OF LONDON
UNIVERSITY

43

NATIONAL UNIVERSITY OF
SINGAPORE 2
FREE UNIVERSITY
UNIVERSITY SYSTEM OF
OF BERLIN OHIO

UDICE FRENCH RESEARCH
UNIVERSITIES

3
] UNIVERSITY OF TEXAS
SYSTEM

70
CENTRE NATIONAL DE LA
RECHERCHE SCIENTIFIQUE CNRS -
“ CONSIGLIO NAZIONALE
EGYPTIAN KNOWLEDGE BANK DELLE RICERCHE CNR
EKB INDIAN INSTITUTE OF
TECHNOLOGY SYSTEM
IIT SYSTEM

Figure26. Documents by affiliation according WoS

Documents by affiliation Scopus

Compare the document counts for up to 15 affiliations.

Sichuan University —
CNRS Centre National de la Recherche ... [ NNRNRNRNREMEDE
Harvard Medical school | R

Shanghai Jiao Tong University [ NN

zhejiang University [ NRNRNREREE
Consiglio Nazionale delle Ricerche _
Universidade de Szo Paulo [ NREGEGEE
Massachusetts Institute of Technology || R

250 500 750 1000 1250 1500 1750 2000 2250 2500 2...

Documents
Copyright © 2022 Elsevier B.V. All rights reserved. Scopus® is a registered trademark of Elsevier B.V.

o

Figure27. Documents by fhiliation according toScopus

3.5.3 Publications

In this section, the maifournals, books and developments related to publications in the field of
biomaterials are presented.

First, b gain a picture of the journal landscape in the field of biomaterials, the portal SCimago Journal
& Country Rank was used. The SCimago Journal &#Rjanks journals based on scientific indicators
calculated from the statistics and information contaih@ theScopus® databagElsevier B.V[103],
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[104]. The SCIimago Journal Rank allows one to set a specific subject category (according to Scopus®
Classifications), then displays all journals matching this topic category, and ranks them according to
their scientific prestige. More specifically, the SJR indicéxpresses the average number of
weighted citations received in the selected year by the documents published in the selected journal in
the three previous years;i.e., weighted citations receiwt in year X to documents published in the
journal in years X, X2 and Xo §105]. In addition, SJR divides the journals of a certain subject
category into quartiles, where quatrtile 1 represents the top 25% of the joufb@f.

In order to get an ideafdhe most important journals in the field of biomaterials, the subject category

G. A2YFGSNRAIFf&aégd gl a aStSOGSR G2 3IS4G GKS Yzad NB
regions/countries. In total, SJR listed 112 journals relevant to the fieldoofaberials. The top 25%

most prestigious journals are displayedTiable21. Annexincluding the country of the journal, the-H

index (quantifies journal scientific @ductivity and scientific impadf.05]) and the subject categories

fitting the journal. The table wasupplemented by thelournal Impact FactqdIF)from the Clarivate

Journal Citation ReporfdCRJ)106]. ¢ K S pkaid€s adunctionaapproximation of the mean citation

rate per citable iteré [107].

In addition, the most frequently represented journals in tBeopugdatabase[103] were identified.
C2NJ GKA& LIzN1J2aSs (GKS Llzot AOFGA2ya NBladA & ANVA FRS
ScopuRIFGFolFasS gAGKAY (KS Ol (sdaeadysed. PublicatiGnE froméd G NI Ol
frad mn 8SFNBR 6SNBE aStSOGSRZ gKAES GKS &ddzowa2SOod |
902y 2YSUNROA | YR CASFSHOBE 3 YR draGQ2SdayalbA yaFd ey 3a 9 | NI
were excluded. Based on the results of this search, the most frequently publishaarnals were:

f dal GSNAIfa {OASYyOS !yR 9y3IAYSSNAy3a [/ £3

T a! QG . A2YFGSNRAFEALFES

T a. A2YFGSNAFT &a¢zx

1 GACS Applied Matefiaa ! YR LY GSNFI O0Sa¢ =z

f GKS aw2daNyIlf h¥ . A2YSRAOIfT al iGSNAIFf&a wS$S

T YR GKS aW2dzNyFf hT ! LIJXASR t2f&YSNI {OA
The number of documents published in each of these journals per year is displdsigdrie28.
CdZNIKSNE G2 ARSYyGAFTe GNBYyRa Ay GKS FAStRZ G4KS D
also analysed. As can be seefrigure29, the search for the terndbiomaterialg has been, except for

a few outliers, consistently popular over the last five years and the tendency to search for the word is
increasing. The term was searched for particularly frequantighina, South Korea and Singapore.
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Documents per year by source

Compare the document counts for up to 10 sources.Compare sources and view CiteScore, SJR, and SNIP data
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Documents
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Scopus
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== Acta Biomaterialia -8~ Materials Science And Engineering C
<%= Biomaterials Journal Of Applied Polymer Science
Copyright © 2022 Elsevier B.V. All rights reserved. Scopus® is a registered trademark of Elsevier B.V.

Figure28. Number of documents published per year in the most prominently used journals

® biomaterials
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D2.1 Knowledge compilation and structural material collection

In order to get a better impression of the most researched topics and topic clusters in the field of
biomaterials, keyword coccurrence networks were created with the softwat®©Sviewe[108],
based on the search results from thi¢eb of Scienc@Vo3, Scpusand PubMeddatabases.

First,in the WoSdatabasd102, 1 KS &SI NOK 1jdzZSNE aYSRAOFf I b5 06A2Yl
was used to find relevant publications in the field of medical biomaterials from the last 10 years. The
search conducted on Degwer 13, 2022 resulted in 3,777 resuftem the Web of Scienc€ore
Collection. The full reports for all of the results were downloaded manually, concatenated, and
uploaded toVOSviewerAfter the upload, the 8092 author keywords from the collected publications
were selected. The minimum number of occurrences ofyavoed was set to 10. In total, 170 keywords
met this threshold and for each of the 170 keywords the total strength of theccoirrencdinks with

other keywords was calculated. Below, the resulting keywordéamurrence network can be seen
(Figure30) and is intended to give an impression of which topics have been of particular relevance in
publications on biomaterials over the past 10 years and which thematic cldispdayed in different
colours) exist in this field.

Additionally, in the Scopus databag®3]> G KS 1|jdzZSNE dao0A2YFGSNAIE hw 0A
0KS OFGS3I2NE a¢AlGtST !'0adNIOGz YSeg2NRwWRoe, ¢ KS Ll
0KS R2O0dzySyid GeLlsS élra ftAYAGSR G2 IINGAOESa Ay @K
{ OASyO0S¢s G9ySNBeE¢ > G902y 2YAOQaz 902y2YSUiNROa I
1 002dzy GAYy3AéS a9 NIK FyR t €l ySalchN® limit Od BiyierSos ¢ 6 S NJ
results. The results were subsequently sorted byl#testdate. Unfortunately, Scopus only allows the

download of the first 2000 results. Hence, the first 2000 newest articles from the 17,808 results (all

from the year 2022) wer downloaded as csv file and uploaded®Sviewef108]to create the ce

occurrence network of the author keywords. Again, the minimum number of occurrences of a keyword

was set to 10 and 76 keywords met the threshold in this case. Hoeaarence netwdk for these

author keywords as well as the topitusters (in colour) can be seenFigure31.

Next, in thePubMed[109]R I G F 6 &S G KS &SI NDOK2 Yj-daSINER |4t 6aA¢é2 Yd F(1aS Ndedl
MeSH Terms category to find relevant publications in the field of biomaterials. The search was focused

on the period from 2012023 to keep the number of results below 10,000. The search resulted in

8,657 publications. The pubdtion information of all results was saved and uploade¥@Sviewer

[108]. After the upload, the 4648 MeSH terms from the collected publications were selected. The
minimum number of occurrences of a keyword was set to 10. In total, 962 keywordkim#treshold

and for each of the 962 keywords the total strength of theocourrence links with other keywords

was calculated. Below the resulting keyword-aszurrence network can be seehkigure32) and

should illustrate which topics have been of particular relevance in publications on biomaterials over

the past 5 years and which thematic clusters (displayed in different colours) exist in this field.

© 2023 BIOMATDB HORIZON CL42021-RESILIEN@HE-25| 101058779



D2.1 Knowledge compilation and structural matedallection

foreign body reaction N

pseudomonas aeruginosa Pt SR s growthfactors
macraphage blomimetics
biofiims
mesench Let ell:
antimicobipl peptide® - ® nanotogegraphy * VRN, L . .
\ { = @ infianagpation cell tierapy
infegion
antifgling® ’ | ~bacgeria - foreign body respanse o
nitriggxide R | adhesion. . W dengsy stemcells
bi .
B W1 A S ™ I bepe
= - Mo N N el alpatly” |
P emocofiipati! RN ey eolngegeation
- Nal\ * Sterigstion i ) bone regeneration aer hydgggels eXtracellylar matrix
P “’) AR inwivo Y’ 5 ‘ :
e | X
bioagity . g SRR r-am’mde.‘ e, /
blood compatibility 3 — = ‘.st‘ds : regeneratiy@ medicine
uu‘m f y N s
erossnking : X ) algipate \ ik
) X polysagharide
magnetic nanoparticles
powder nactaliurgy
stainless steel A % bioimaging
sem x
fE D v
croconpasibiicy & A 4 - ; 3 AN
@ titaniugy alioys po S 2
wear ~-biopinting
corrosiofigesistance = : N
A : @ i .
’ celltlos 7 5 woundgressing 3dbiofrinting
microsffucture g ¢ } ceramics
maggsium’ R silver nanoparticies e
g o " " . bik i
cor@ion e blomedxa‘\hcauogs ® . el Jorenetic .
30 ¢ biodeggpdabla fibers {
Troperty, composites b . o vad
iren

. bacterialigellulose
drug delivery system L

medical applications polycap@lactone
antimicrolal activity

polyhydroxgalkanoates

Figure30. Keyword ceoccurrence network based on the author keywords frédfoS

rhealogy
3d bioprinting
iGr@hic aci
biomgmetic tissue regeneration hya U?IICEHd
" ®
woundgressing
collggen stergicells
hydiggels o= c:. ‘ /"‘
If- I N /
¢ £ 4l silk flbroin
pulyu"han‘e . L /;
7 | /
controlled release woun’almg v !
electr 'nning & Rox
27 s
crosslinking 7

extracellglar matrix

decellularization

@ biomedical applications

bacterialgellulose

porous materials
adsogtion / G % | graphege oxide
nanoparticles B A
2 230 g7 ) i
biocor‘l ; eﬁ;tﬁ‘\g | {
compgsites @echanical properties ne‘-%eration’":‘-‘
+ R N ~ -4 ¥ o !
J A ] inje rogel
Ve 4 RN \ [y ydrog
‘:;f?‘ﬂi \."HY T ( X ) 7 macrophagagpolarization
cytacomgatibility Y 7> esis i
completia ) ) R ‘\ inflangipation
v ). Y \
- { R\ spinal cgrd injury
polymer. = 2 \ bonelgepair A X
polymers (| P S 2
/ A SEAR bseéné’sis
titagium =
X J \ immunorpdulation
~ bioactige glass
additive mapufacturing I /
macr@phage

= / N
corngTon L may r& ium
m»cm*‘lczure &

Figure31. Keyword ceoccurrence network based on the author keywords frBoopus

© 2023 BIOMATDB HORIZON CL42021-RESILIEN@E-25 | 101058779



D2.1 Knowledge compilation and structural material collection

apaues
corresion
alloys
Zinc zircopium
niobium calcium cempounds
diffracti wwd PO ceramics osseointegration
x-ra ction . <
tannins wy glass friction
anti-bacterial.agents 3t3gells i
4 v Keriting tensile strength
vmg'wenc resonafice spectroscopy" by
alkenes d‘ weuabmty
phenoi . iac . 170N oxides dioxanes bion
o ® . furand’ “

i 5wef- e materials testi
‘ i *”W . .. cattle osteogenesis
, . sep=riy’ &’ pﬁé@es lactigecid

wound infection _ '@ bone morphogenetic protein 2

ferric compBundse Mrog@uw bgp ‘anisotropy gelq%n euPes pige

coordmatbr\—wnplem « .0 @i oy «  electricity modeiguanimal ¢ meniscus

stainless steel

bone cements

bone and bones
y osteoporosis
bone regeneration

lization

maxillary sinus

bone diseases
Qua'm@’

,,?’wlo ompatible materials -

equipment design mmem Rre iater tendondnjuries
- . : ammnion aging
WA “@% pmeor HiSSUE eNGINEETING v wrrcie

‘e pcrpw,m an e moenocytes

photocha))omeTaPY ~ anSceHs ., ‘oxivatie

pids ™ electnc conductivity, cytokines 2 oe" dermal fillers
antmeoplglc agents - g ?silk macrophages  SteM cells muscle, skeletal
v - ribttior . integrins g & * stromal cells
issue 0‘ ibutio! “g delw SYStEMS precision medicine i
" extracellular matrix
prodiugs
. ‘”"ce‘.”dde - mlcmﬂugcs needles Bionkitin cicatrix” pone marrow
seriging Mcromas " neurons oR@ring
gedbticthetagy neural stem cells adipocytes

axons stem cell niche
immunologicactors

cels immunotherapy ~ spinal cord injuries

cellular reprogramming

Figure32. Keyword ceoccurrence network based on the MeSH terms fieobMed

Additionally, the results fronPubMed[109], (settings as described above, ottig period was set to

20122023),Web of Scienc|02] (settings as described above), and 85,649 results ffoopug103]

(settings as described above, but the document type was not limited and publications fror2@232
were included) were further anadgd with the different analysis and visualisation tools that these

databases offer

The three following graphsFigure 33, Figure 34, Figure 35) will illustrate how thenumber of
publications published per yean the field of biomaterials increased over the last 10 years on all three
publication databases. Keep in mind that in all three graphs it may seem like the number of publications
decreases in the years 2022 and 2023. This is due to a time lag between the time an article is accepted
by a journal until it is actually published. The delay results from the review processes involved in
publishing articles in peer reviewed journals.tAd graphs were retrieved in the middle of December

2022.
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Figure34. Number of publications per yeaccording taScopus
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Figure35. Numberof publications per yeaaccording taPubMed
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Finally, to control for the overall increase in publications, #eropepmd&R package was used to
access theeuropePMG@atabase[110] RESTfulpplication Programming Interface (AR)order to
assess the publication trend in biomaterials relative to overall number of documents in the database
(script available on GitHuld11]). The search query was similar to above, searching for the terms:
BiomaterialBiomaterial$Por Wiocompatibilitydin the fields: Title, Abstract, or Keywords. The range

of results was limited to the past 10 years (262@22). Importantly, the results (the number of query
hits) were normabed to the total number of dagments in the database. Thus, the results reflect the
fraction of indexed publications in the field of biomaterials, relative to the indexed biomedical
literature. The results are presented below kiigure 36. Hence,Figure 36 shows the faction of
LJzo f AOF GA2y & LISNJ @SFNJ F2NJ GKS |jdzSNBE doA2YIl G§SNRI
Abstract, and Keyword fields of EuropePM&e Hue line representshe local regression (LOESS) to
guide the eye As can be clearly noted, theattion is increasingThis indicates that the field of
biomaterials is more active in terms of publications than the overall biomedical community: it
outpacing the overall growth in publications.
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Figure36. Fraction of pubtations per yeabased on results frorkuropePMC

Next, thesubject areadn the field of biomaterials were analysed. The subject areas that were most
frequently represented in the results ®/0S[102] and Scopug103] are presented in thd-igure37

andFigure38. In the publications fromvoSti KS a4dzo 2SO0 | NBl &4 dably2FAoNBax
Gt 2f @8YSNBE FyR al ONRY2f SOdzf Sa¢ FyR aaSdlftfdz2NABAOI
Meanwhile, in theScopugiatabase, the publications were most frequently assigned to the research
areasdt a G SNAFfa {OASyOS¢s aG9y3IAYSSNAy3IAes | a oSttt |

Finally, it was important to the BIOMATDB consortium to provide an overview of relevant books in the

field of biomaterials. For this purpose, the analysis furdiinWeb of Sciencerere used to identify

relevant book series in the field of biomaterials.Agure39a K2 g 4> (G KS a2 22RKSI R t dz
AY L A2YIl SN EYyaGES R Y{RI NHzOG dzZNBR all GSNAIFf &¢ | NB 0O2Y]
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Figure39. Relevant book series in the field of biomaterials based on the results\ivo®
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Additionally, based on an online search and on recommendations o€dhsortium, a subjective
selection of books was made that can give a good overview of the whole field of biomaterials or that
give insights into special applications of biomaterials, such as Translational Medicine, Organ and Tissue
Regeneration or Smart@hnaterials The selected books are displayedriable22. Annex

3.5.4 Societies and networks

Societies and networks play an important role in supipgr and sustaining the ecosystem of their
particular scientific field. Their objectives include the representation of the interests of their members
but also the promotion of research; the dissemination of scientific knowledge; the creation of
opportunities for communication among peers across career stages, institytodscountries; the
financial support of students and early career scientists to attend confesgiacel the provision of

latest research developments and policy advice to funders andrgmental organisations. These are
achieved through activities and services such as specialised scientific journals, scientific meetings and
conferences, guidelines and white papers, and awards that recognise the scientific background or
accomplishments ia particular area.

The main biomaterials societies are organised according to geographic location. The oldest one, the
Canadian Biomaterials Society (CBS) was created in 1973 and promotes the development of
biomaterials research, technologgnd educatiorat Canadian universities, industand government

[112]. The Society For Biomaterials (USA) was founded in 1974 and strives to advance excellence in all
aspects of biomaterial science, engineering, and technology for promoting health and wellness
through its interactive global community113]. Established in 1976, the European Society for
Biomaterials (ESB) consists of members from more than 20 countries that are dedicated to addressing
unmet clinical needs with advanced materials for medical devices egeherative medicingl114].

Since its conception in 1978, the goal of the Japanese Society for Biomaterials (JSB) is to improve
science and technology related to materials used in the Had%]. TheSociety for Biomaterials &
Artificial Organs India (SBAQvas created in 1986 and cultivates an environment nationwide
conducive to the development of research in Biomaterials and Artificial Organs that is both basic and
technologically orientedi116], [117] Biological materials, tissue engineering anedical devices are

the main focuses of the Australasian Society for Biomaterials and Tissue Engineering (ASBTE), which
since 1989 is bringing together professionals with an interest in research, education, development and
regulation[118]. Originated in 296, the Korean Society for Biomaterials (KSBM) seeks to further the
applications of biomaterials through the exchange of the latest information between academic, clinical
and industrial researchefd19]. The Chinese Taipei Society for Biomaterials amdr@lted Release,
founded in 1997, promotes the participation of its members in activities for the advancement of
biomaterials and drug delivery science and technold@@]. Established in 1998, the Latin American
Society of Biomaterials and Artificialdans (SLABO) brings together a critical mass of professionals
from research, development, testing and clinical application of biomaterials and artificialsigAr

The Chinese Society for Biomaterials (CSBM) was created in 2007 to drive the development
biomaterials in Chinfl22].

All these societies are gathered within the International Union of Societies for Biomaterials Science
and Engineering (IUSBSE) that, since its establishment in 1980, organises the World Biomaterials
Congress every four yesain order to promote biomaterials science and engineeflra&3].
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3.6 Regulatory overview

Biomaterials are the raw materials and components of final medical products, devices, and advanced
therapeutics. As a result, they both indirectly and directly affecttyadind performance. In order to
become final medical products, biomaterials need to be specifically engineered and designed for the
final product specifications and application requirements, to eliminate unacceptable risks and achieve
desirable benefits e@monstrated in benchtop, biocompatibility, biosafety, grinical, clinical
performance, and postarket surveillance.

Designation of biomaterialsased medical products as medical devices, pharmaceuticals/ biological
products, or combination products, agell as classification of biomateridbmsed medical devices
(Class I, Il or Ill) are very important for their regulatory approval pathways. The classification of
biomaterialsbased medical devices depends on the assessment of risks and control procaddres
both designation and classification follow regulations that can be country/deggndent. However,
typically these classifications are performed by the manufacturer of the medical product/device.
Depending on the Class of the medical device, theledgry requirements will differ, because of the
different risks involved.

An additional important regulatory aspect of biomaterials is related to their manufacturing. Materials

used in medical environments, specifically those that are in direct contalttit body of a patient,

aK2dzZ R 0S 2F GYSRAOFIfT 3INIRSPe |1 2SHSNE GKSNB I N
GYSRAOFf 3INIRS¢ YSIyaT dzadzZtte YSRAOFf 3INIRS Aa
the raw material. Further, patieatontacting materials must be biocompatible, meaning that they

perform without causing an adverse effect. This is assessed following the Internddnyaaiisation

for Standardisation(ISO) standard (1SI®993 series and others), ASTM International, and th
International Medical Device Regulators Forum (IMDRF). Different tests are indicated depending on

the duration and type of contact~{gure54. Annex. Achieving ISO 10993 certification helps with

getting approval from the corresponding regional regulatory agerjdiéls

Preclinical Device Premarket Market Postmarket
development classification submission approval surveillance
Prototype 510K Premarket . < Registration of
e t:fent geal notification (Class I- Materials labelling e Hlichment=of
P 1) production/Distribution
<
o
Class I w
o : . Premarket approval ice labelli .
In vitro testing r ‘ (Clacs i) Device labelling Tracking systems
Class 11
- - CE mark from < Unic Device
0 testi o A inis
Inynoitestoe Clinical testing notified bodies E Identification (UDI) Clinical reports
| 8 _
I Biosafety —1SO 10933 I l GCP—1S0 14155 I l Medical grade materials |
|  owmp-i1s013485 |

Figure40. Generalised overview of the regulatory pathway of medical devices.
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3.6.1 Medical Device Regulation in Europe

Product markings are a specialised form of product certification that often applies to geographic
regions. There are many differences between Europe and the United States, as well as between other
countries, in reviewing and appving new medical devices. In particular, in the United States, the Food
and Drug Administration (FDA) takes a centralised approach, while in Europe the process is more
decentralised via the European Medicines Agency (EMA). New medical devices arestiéppfoved

in the EMA through a specialised certification marking, before undertaking the separate U.S. FDA
approval process.

The project is financed by thEuropean Commissioand so our main focus is of course on EU
regulations. Since the US and Ghiepresent big markets and are of potential interest for European
SMEs, the project will seek to also cover them. Any other markets, which can potentially be identified
during the knowledge collection and exchange activities in a later phase of thetpwaijebe reported

in the upcoming deliverables.

The European Medical Device Regulation (MDR)

As of May 26, 2021, the new European Medical Device Regulation (EU)2017/74581RMDFL25]
also applies to implants. In the following the main regulatoryuisements according to MDR for
medical implants in Europe as well as the connected procedure are outlined.

CECertification

The CE mark is a prerequisite for launching a new implant in the EU. Before marketing, a manufacturer

must first and foremost provthat the implant is safe and efficient and has a positive bemisfit ratio.

A notified body tests and certifies this proof. Only then may the manufacturer label the product with

the CE mark and place the implant on the market. With regards to the regaimts under medical

device law, the following essential steps can be differentiated on the way to placing a product on the
market and the downstream market phase: 1. qualification of the implant as a medical device; 2. risk
classification of the implant;®@ Y I ydzF I OG0 dzZNENRA& 20t A3AF GA2yaT nd LINZ
conformity; 6. CE marking; 7. registration andar®nitoring[126].

Qualification of the implant as a medical product

The manufacturer must first determine whether thémplant is a medical product as defined in Art. 2

(1) MDR on the basis of its intended purpose. Other characteristics of a medical device are that it is
intended for use in humans, its principal action takes place in or on the body, and that this is not
adhieved by pharmacological or immunological means or metabolically. If the implant in question is a
medical device, both the device and the manufacturer are subject to the provisions of the MDR. It
should be noted that the scope of the MDR now also inclysteslucts without a medical purpose,

such as coloured contact lenses or implants and substances for aesthetic pujilieses

Risk classification of the implant

Manufacturers must classify their medical devices into classes |, lla, llb and 1ll, takarouat the
intended purpose and the associated risks (Art. 51 MDR). The risk class is the basis for the further steps
up to CE marking, in particular for the choice of the conformity assessment procedure and for the
scope of the clinical evaluation. Urrdihe previous European regulatory framework, implants were
classified according to Annex IX of Directive 93/42/EEC supplemented by Directive 2007/47/EC. In the
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body periphery, implants were generally assigned to Class IIb and, for the cardiac, cenutalary

and nervous system site of application, to Clas$§1BF]. Directives 2003/12/EC and 2005/50/EC
specified Class Il classification for breast and joint implants. An exception were denture implants,
which were assigned to Class lla. Guidancehferctassification of medical devices according to MDR

is provided by the MDCG Medical Device Coordination Group Guideline22(228].

al ydzFlI OG0 dzZNBENRa 206f A3l dA2ya

Regardless of the risk class and type of medical products, all manufacturers are subject to the
obligations set forth in Art. 10 MDR. Some of these include fulfilment of essential safety and
performance requirements; establishment, documentation, applarati maintenance of a risk
management system; performance of clinical evaluation including clinical follpyereparation and
continuous updating of technical documentation; performance of a conformity assessment procedure
(including product classificatipmnd preparation of an EU declaration of conformity; establishment of

a unique device identification (UDI) system and all necessary registrations of devices and the
manufacturer, etc[126].

Product requirements

The product range of implants is very widteincludes passive and active implants with application in
different body regions for a different duration. In addition, active implants may require control
software and programming devices. Therefore, only some of the basic safety and performance
requirements for implants are explained below as examples, which may not be applicable to every
product in individual cases.

Application of
harmonized
European standards

Basic Safety and Selection of safety Relevant safety and

performance and performance performance
requirements requirements requirements

Relevant requirements met

In the appendix 1 In the appendix 1

General requirements Based on the risk analysis of *  No.x
Requirements for the product concerned *  No.y
design and manufacture
Requirements for
product information

No. z

()

Application of other
technical solutions

» Presumption of conformity ‘ No presumption of conformity

Figure41. Role ofharmoniseal standards, modified according [29]

Based on the essential safety apérformance requirements (GRUSULA) in Annex |, MDR, the
manufacturer makes a selection based on a risk assessment, i.e., an identification of the applicable
requirements for the respective produgFigure4l). Compared to the essential requirements in
Directive 90/385/EEC, the MDR now also applies many requirements to implants that were previously
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limited to other medical devices. Other requirements have been retairsedh as the specific
requirements for active implantable devices in Section 19, MDR.

Custommade devices, such as those from the dental and dental technology fields, are subject to
special requirements. The procedure for custamade devices is described Amnex Xlll, MDR. For
example, custonmade devices do not bear a CE mark (Art. 20 (1), MDR) and are subject to a simplified
conformity assessment and reduced documentation requirements (Art. 10 (5), MDR).

Information security is also increasingly comingpifocus for programmable medical devices or
medical products in the form of software, which also applies for some implants. Sections 17.2. and
17.4. in Annex |, MDR require the manufacturer to define risk management including information
security as wellas minimum requirements for IT security measures. Standards contain detailed
descriptions of requirements regarding the technical specifications of medical devices and the relevant
processe$130].

Declaration of Conformity

Through the EU declaration of mimrmity, the manufacturer assumes product responsibility. This is
continuously updated and contairspecificinformation according to Annex IV, MDR. In the case of
implants that basically belong to risk class Ila or higher, the manufacturer who cartiebeou
conformity assessment procedure, receives a corresponding EU certificate from the notified body and
declares conformity126].

CEconformitymark

The CE conformity mark indicates that the relevant requirements of the MDR have been met. The
manufacturer affixes the CE mark with the number of the notified body involved (not for risk class 1)
on the product, packaging, instructions for use and promotional material. Annex V MDR regulates the
appearance of the CE markifi6].

Registration
Before placing the medical device on the market, manufacturers, autbdrrepresentativesand
importers must register ithe European database on medical devices (EUDANED)31, MDR). In
case of a conformity assessment with the involvement of a notifiedybthe information (Annex VI
Part A Section 1) is transmitted to EUDAMED before the application is submitted to the notified body.
The manufacturer must register their devices with the information from Annex VI Part A in EUDAMED
(Art. 29, MDR).
Monitoring
MDR medical device surveillance is divided into three measures:

A postmarket surveillance by the manufacturer (Arts-8&3),

A vigilance by the manufacturer (Arts.-81), and

A regulatory market surveillance (Arts.-980).

The manufacturer must integrate g@ostmarket surveillance systenfPMS) into its Quality
Management SysterfArt. 84 (1), MDR). The related PMS plan and report (Art. 84 and 85, MDR) are
components of the technical documentation (3.3.5).
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Vigilanceof the manufacturer includes reporting ofrdgus incidents and safety corrective actions in

the field (Art. 87, MDR). Serious incidents such as death or unforeseen serious deterioration of health
must be reported immediately via EUDAMED, no later than ten days after becoming aware of them
(Art. 87(5), MDR). All other serious incidents must also be reported immediately, at the latest within
15 days (Art. 87 (3), MDR).

Althoughregulatory market surveillanceemains a task of the individual member states, it is to be
coordinated across the EU. Art. 93 (1), MDR requires competent authorities to inspect the conformity
characteristics and performance of medical devices through appropriate reviews of documentatio
and through physical checks or laboratory testing of samples. The competent authorities report the
results of their monitoring activities (Art. 93 (4), MDR) and file monitoring reports via EUDAMED (Art.
93 (7), MDRJ]126].

Medical Device Sterilisation éjuirements and Regulations

A key aspect that cannot be overlooked in the context of biomaterials development and medical
devices is sterilisation. Note that in the EU, the MDR states the requirements for sterile devices, but
R2Sa& y2G RSFTAYS GKS SN ificatind tNd\ device, partibufaly¥ yf RA y 3 2
GONRGAOIT ¢ 2NJAYy O2yidlF Ot sAGK GKS o0f22R &adNBFY 2
may vary. However, sterile devices are those that are free of viable microorganisms and spores. The
requirements for such a designation are in the EN 556 series of standards. In Part 1, EN 556 defines

the requirements for terminally sterilised devices, while in Part 2 the requirements of aseptically
produced devices are presented. In the age of multiehegjstant bacteria (MDR) these requirements

play an even more important ro[@31].

The choice of sterilisation method will also depend on the physical and chemical resistance of the
medical device anthe biomaterials itis composed of. In fact, the propées of the material(s) used

can be altered by the sterilisation process. In some cases, this can be an advantage, but frequently it
is a limitation. Further, sterilisation methods are also regulated. For example, in the US, sterilisation
methods used in ddgce manufacturing are subject to FDA Quality System (QS) regulations per 21 CFR
Part 820. In this context, sterilisation methods for medical devices are divided into two categories:
established methods and novel methods.

Established sterilisation methodse then further divided into two more categories: A and B. Category
A methods are those that have a long track record of use and haw&miin effectiveness. Examples
include dry heat, ethylene oxide gas (EtO), radiation (gamma, electron beam) and seanwhile,
Category B methods have published FBéognized information regarding development, validation,
and controls along with validated data from steslis, which are evaluated by the FDA but there are
no FDArecognized consensus standards. Exspf Category B methods include hydrogen peroxide
(H0O,), ozone (G), or flexible bag systems.(., EtOn a flexible bag system, diffusion method, injection
method). Finally, novel methods are those that have not been reviewed and determined toedhecti
sterilise devices for their intended use. This category includes any novel chemical substance or process
that has not been reviewed, cleared, or approved by the FDA. Some examples includeedapori
peracetic acid, higimtensity light or pulsed lighthicrowave radiation, sound waves, ultraviclght-
mediated methods, or supercritical €[@31]
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International Harmonisation of Medical Device Approval and Compliance Standards

Importantly, there is a mechanism in place for the EU to recoghima Labaatory Practice (GLP) and
GMPsurveillance inspections, as well as medical device conformity assessment regujtegting or
certification). Secalled Mutual Recognition Agreements (MRA) are bilateral treaties between the EU
and third countries aimedtgpromoting trade and facilitating market access. For example, for medical
devices, such agreements are in place with Australia, New Zealand, Switzerland, and the United States.
These agreements outline the conditions under which each party will accepath@dical device

meets all applicable requirements to enable it to be sold, as well as inspection bodies and conformity
assessment bodies (CAB) that can show compliance withlelhchlIrekjufrém@nts[132].

3.6.2 Medical Device Regulation outside of Europe

Asour research in theéndustriallandscapeand Market overviewchapters revealed, North America
dominated the global biomaterialmarket in recent years, while the A$tacific region, and especially
China, has been identified as the most promising market for the growth of biomaterials, both in
relation to industry and research. Therefore, in the following paragraphs, we willgaleoa brief
overview of the Medical Device Regulation in the USA and China.

U.S. Medical Device Regulation

In the United States, medical devices are regulated by the Food and Drug Administration (FDA).
wSOSyihtes Ay HamdZ GKS nesdeéfforta th avahtae matdridis-iningedid&ly & 2y
RSPAOSa G2 FRRNBaa LRGSYGALlf al ¥FShe ljdzSadAz2yads
regarding the evaluation of materials used in medical devices, in order to address potential safety
concerng133].

An important aspect of the FO evaluation of the safety and effectiveness of a medical device
involves the premarket review of information about the materials used in the device. The FDA
considers the specific properties of the material, the intended afsthe device, and the function of

the device when evaluating the safety of the device materials. As part of premarket submissions,
medical device manufacturers submit information such as an evaluation of biocompatibility to the FDA
to demonstrate that thenaterials they plan to use in their device can be safely used in or on the human
body. The FDA has published guidance, which describes how-laasiséd approach is utilised to
determine what types of biocompatibility information are typically needed tondastrate the safety

of a material:

Premarket submission4 steps
1. Classify Your Device and Understand Applicable Controls:

Medical devices are categeeid into one of three classes (I, Il, or Ill), based on the degree of risk
they present. As devicdass increases from class | to class 1l to class lll, the regulatory controls
also increase, with class | devices subject to the least regulatory control, and class Ill devices
subject to the most stringent regulatory control. The classes of devicesateguktontrols and
submission types are summsad:

Class ILowest, present minimal potential for harn@eneral 510(k)

Class lIModerate, higher risk than class | devie&eneral 510(k)
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Class llIHighest, sustain or support life, aimaplanted, or present potential unreasonable risk of
illness or injury; Premarket approval (PMA).

2. Select and Prepare the Correct Premarket Submission:
The most common types of premarket submissions include:

510(k) (Premarket Notification)Some class dand most class Il devices require a 510(k). In a
510(k), the sponsor must demonstrate that the new device is "substantially equivalent” to a
predicate device in terms of intended use, technological characteristics, and performance testing,
as needed.

PMA (Premarket Approval)Class Ill devices require a PMA. A PMA is the most stringent type of
premarket submission. Before the FDA approves a PMA, the sponsor must provide valid scientific
evidence demonstrating reasonable assurances of safety and effeciivéne F 2 NJ 1 KS RS¢
intended use.

De Novo Classification Requesthe De Novo process provides a pathway to classify novel
medical devices for which general controls alone, or general and special controls, provide
reasonable assurance of safety and effestiess for the intended use, but for which there is no
legally marketed predicate device.

HDE (Humanitarian Device Exemptiol)DE provides a regulatory pathway for class Il devices

that are intended to benefit patients with rare diseases or conditions. In order for a device to be

eligible for an HDE, a sponsor must first obtain designation as a Humanitarian Use Device (HUD),

whA OK A& AN} YyGSR GKNRBAAK Fy FLILXAOFGAZ2Y G2 C5! Q

The FDA encourages the use of FB#ognized consensus standar{is34] in premarket
submissions and encouragebnical evidence of the safety of the producPrior to initiating a

clinical study, the study sponsor may need to obtain approval of an Investigational Device
Exemption (IDE) by the FDA. Clinical studies must comply with all applicable IDE regulations and
Good Clinical Practices (GCPs). In this senserigatemployed in the intended devices must
accomplistproper GxPs.

Thelabellingfor a device must be written according to the established labelling regulations (Title

21 of the Code of Federal Regulations (CFR), Section;801.437) and included also the

premarket submission of the medical devjé85]. Labelling includes both the actual labels on the

device, as well as all printed materials including the device packaging, product insert, etc. For
example, General Labelling Provisions require thatlabelling must ensure that the name of
YIydzZFF OGdzNENJ FyR LI FOS 2F YIydzZFl OQGdzNAy3a | NB
conditions/purposes are stated, and that required information and symbols are correct and
sufficiently prominent. For investiganal devices or those that fall in other special categories,

such as containing natural rubber, there are additional, special labelling requirements.

FDA has also established a unique device identification (UDI) system to identify approved medical
devices throughout their time of distribution and use. The UDI regulations became final in
September 2013 and have been phased in over the past several years, based primarily on device
classification[136]. When fully implemented, the UDI System will offer agarmf benefits to
industry, FDA, consumers, health care providers and health care systems including improved
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patient safety and post market surveillance. This UDI is required to be present on the label of
every medical device.

3. Prepare the Appropriate liormation for the Premarket Submissian

Once the appropriate premarket submission for a device is prepared, the submission to the FDA
must be sent, and the interaction with FDA staff should be maintained during its review.

4. Comply with Applicable Regulaty Controls, Including Establishment Registration and Device
Listing:

(1) register the establishments and list the medical devices they market with FDA,
(2) manufacture thelevices in accordance with Good Manufacturing Practices;
(3) label the devices iaccordance with labelling regulations; and

(4) prevent adulteration or misbranding. A device facility must register its establishment and list
its devices with the FDA.

Medical device manufacturers as well as other firms involved irdisteibution of devices must

also follow specific requirements and regulations once devices are on the market. These include
such things as tracking systems, reporting of device malfunctions, serious injuries or deaths, and
registering the establishments here devices are produced or distributed. Postmarket
requirements also include postmarket surveillance studies required under section 522 of the act
as well as posapproval studies required at the time of approval of a premarket approval (PMA),
humanitaran device exemption (HDE), or product development protocol (PDP) application.

Importantly, for the case of medical devices, frequently materials, subcomponents, processes etc.
are from a third party, such as a supplier or are used in multiple deglaged submissions. In
these cases, there is a process, thecatled Master File (MAF), that enables the FDA to review
data and information related to the material/subcomponent, manufacturing process, etc. without
the device manufacturer having direct accesgtoprietary information. For example, the MAF

can cover aspects of manufacturing and quality control needed to fulfii GMP requirements.
| 26 SOSNE GKSNB NB y2 &ALISOATAO NBIldANBYSyida T
contain confidential iformation. Note that the MAF is submitted by organisations/entities that
are not the ones directly participating in a deviedated submission, but those involved in
material synthesis, manufacturing, sterilisation, packaging, etc. MAF lsaldaT can povide an
authorization letter to the entity pursuing a devicelated submission, approving the inclusion of

the MAF in their submission. Finally, it is also important to note that the presence of a MAF does
not imply that a material or process has FDArapplt only devices are subject to approval and
MAFs simply contain third party confidential information needed for the approval pr¢t8g$

Medical Device Regulation in China

Medical devicesn Chinaare regulated by the National Medical Product Adntnaison (NMPA;
http://english.nmpa.gov.cny, formerly known as the China Food and Drug Administration or CFDA.

Manufacturers must first register their devices with the NMPA betbey can sell or distribute them
in China. All device applications are reviewed by NMPA, which has its own strict requirements for the
submission documentation, testing, and clinical dathese requirements are largely the same for
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domestic and foreignapplicants. In March 2020, the NMPA issued the annual report for the
registration of medical devices. This shows that the NMPA approved a total of 8,471 applications in
2019, which was a 53.2% increase over 2018. In 2017 and 2018, there have been bkdtlenethe

one hand, because the testing of electromagnetic compatibility (EMC) has become increasingly
necessary. On the other hand, applications were delayed due to strict clinical requirements. The figures
in the Annual Report 2020 show that these idiifties have now been resolv¢t38, p. 20]

The medical device classification determines the documentation required for the submission to NMPA
submission.The Classificationis basedon the ChineseNMPADecreeNo.15 and the NMPAclassii-
cationdatabase. The device classificati@guirementsare described belown brief:

A Class | : registration dossier / no testing reports
A Class II: full registration ddss & technical review
A Class Il : full registration dossier & technical review

Thus, manufacturers must submit a technical dossier that includes detailed technical information,
clinical data, and quality documentation. Of note, China usually requiresuntry testing for all Class

LL FYR LLL RS@AOSa:z IfiK2daAK GKS [/ KAYyS&aS bat! Y
existing testing reports. Testing requirements vary dependinthermlevice type.

Additionally, foreignmanufacturers are required to show proof of home country approval with a
Certificate of Free Sale or Certificate to Foreign Government. Moreover, if they do not have an office
in China, they should be aware that they need to appoint twodantry represetatives i.e., an agent

and an after saleserviceprovider.

Agent: manages registration and leaccommunications with the NMPA both before and after
registration, and during vigilance reporting.

After Sales Service Providexho is responsible for the device after NMPA approval; it is common that
manufacturers appoint a distributoihe appointment of such a role, however, brings its own risks:
since distributors tend to gain a disproportionate amount of power by keepingtiginal certificates,
including the appendixthe PTRs. This can be fatal to the flexibility of the company. Alternatively, an
independent service provider can act as an NMPA legal agent, which has the advantage that the foreign
manufacturer protects itintellectual property and maintains its independence and flexiljili88, p.

21].

Since December 2019, the Chinese regulatory framework is also drawing increasing attention from
global partners, due to its possible future paramount role in the collactib RealWorld Evidence
(RWE) andReaiWorld Data (RWD) for other policy related and other regulatory decision making
November 2020 NMPA published draft technigaidelines for the use of RWD for the clinical
evaluation of medical devices. In it, R\df2 defined as follows: Hospital data, regional health data,
health insurance data, personal health data, public surveillance dataepelfted patient data, and

data generated by mobile devices. In addition, RWD may be generated during the production,
distribution, transportation, storage, installation, use, maintenance, delisting, and disposal of medical
devices.

It is expected that RWD will become increasimglgortant in China as the above data can be collected
on Chinese patientdhis is often a MPA requirement for the approval of highask class devices and
may usefully support a subsequent clinical evaluation for NMPA registration in the Chinese market.
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Currently, RWD can only be used as a supplement to CERs. Drafts suggest that in théafgture
clinical trials may be avoidable with the help of R3S, p. 22]

In contrast to the strict regulatory requirements in mainland China, in Hong Kong an approval for
imported medtech products is voluntary and, in any case, less burdensome, pib\tithat the
manufacturer already has certification froits home country.One reason is that the procurement
system in Hong Kong is strongly influenced by the Hospital Authority, which gives priority to the
Medical Device Administrative Control System (MI3#&pproved products. In the future, mandatory
registration is expected for Hong Kong, with existing certifications to be honoured.

Finally, a policy initiative is expected to allow foreign rech companies to market their products
without prior NMPA rgistration as long as there is a local participation in the business act[\lii8s
p. 22]

3.6.3 ISO Stadards

When we think about internationally recognized protocols, the most important entity is the
International Organisation for Standardisation (ISCHO standards are a set of internationally
recognized parameters and protocols, created to assist companies sstébliels of homogeneity in
relation to the management, provision of servicasd product development in the industry. Different
ISOs are related with biomaterials amibmaterialsrelated products. In this section we tried to
summarise the most relevammnes, concerning analysis of biomaterial features once they are part of
a medical device, according to Schuh & R28Kk9 [47]. Theywere alscsummarised by Schuh & Funk
(2019) as can bgeen inFigure54. Annex Figures5. Annex Figure56. Annex

ISO 10933 Biological and Clinical Evaluation of Medical Devices

Medical devices require varying degrees of biological safety testing, according to their classification
and use The main source of guidance on the essential requirements for biological sdfe 19993

- Biological evaluation of medical devic&his standard defines devices in terms of their category, type

of contact, and the duration of patient contact. Ittsequently serves as a framework to develop a
biological evaluation plan for a medical device, with the aim of determining the relevant biological
responses to the device. In this context, based on the medical device classification, it provides
endpoints br the biological risk assessment.

ISO/TC 150 Implants for surgery

Standardisation in the field of implants for surgery.e., djects or devices which are surgically
implanted in the body either temporarily or permanently for diagnostic or therapeutipg@ses- and

their required instrumentation, covering terminology, specificaticarsd methods of tests for all types

of implants, and for the materials both basic and compaosite used in their manufacture and application.
ISO/TC 172/SC 7 Ophthalmic Optarsd Instruments

Standardisation of terminology, requirements, interfacasd test methods in the field of Ophthalmic
Optics and Instruments.

ISO/TC 106 Dentistry

Standardisation in oral health care including terms and definitions; performance, safety, and
specification requirements of dental products; and clinically relevant laboratory test methods.
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4 Biomaterials data, repositories and databases

As it is described in the previous section, the field of biomaterials has seen rapid advances up to now.
Implantsand devices such as artificial joints, cochlear implants, and stents have been expanded over
the years. Tissue engineering, a strongly related field, has equally been making progress, with
increased sophistication in design and manufacture of scaffoédsedl as the use of cells and bioactive
molecules within the materials.

Biomaterialsrelated product processes are rather similar between academia and industry and
between different sector$l39]. As it can be seen igure40 (regulatory overview), they start with

the prototype development and preclinical evaluation, followed by the clinical evaluation, regulatory
approval and commercialization of the product. All these processes lead to a large volume of data
I3SYSNI &SR R dzNdcyfld which agpeRrihdiitieiiet dataftsduees under different formats,
like research publications, patent applications, clinical studiegjla¢égyy information and product
catalogues, among others. This sectiatendsto describe and summarise the different sources of
available information in the biomaterials field.

4.1 General resources

By general resources we mean the different tools where arefind all the biomaterialselated data

but whichare not specialised tools in this field (they also contain data from otherealated fields).

This section will provide a summary of the following main four types of biomaterials data: journal
repositolies, clinical trial repositories, raw data collectipasd patent databases.

4.1.1 Journal repositories

The most common and vast source of biomaterial information are publications in scientific journals. A
summary of Q1 journals according to the SJR journal rackindpe seefn Table21. Annex

As a highly multidisciplinary science, biomaterials science may be also published in journals from
diverse domains, such as materials science, engineering, medicimelogy. For this @son, the most
correct way to accesslarge numbef articles containing biomateristlata is through search engines.

The most commonly used and preferred for searching disciplines refataddicine is PubMeflL09].
PubMedis a free search engine accessing primarily the MEDLINE datdd@ef references and
abstracts on life sciences and biomedical topics. It constitarespen sourcavhich provideunlimited
abstract retrieval and usdriendly software. Then, other sech engines with more general fields (not
only medical) are Scopus and Web of Science, which areapa@bss platformsScopus[103] is
Elsevie® abstract and citation database launched in 2004 and covers three types of sources: book
series, journals, ahtrade journalsWeb of Scienc¢102] provides access to multiple databases that
provide reference and citation data from academic journals, conference proceedings, and other
documents in various academic disciplines. It is currently owned by Clgi@@e A summary of the
dominating resourcesan be found irrable8. Thenumber ofresultswasrecorded by searchinfpr

0 KS {bf®Narediat dnedical materia and dtissue engineering ®
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Table8. List of journal repositories

PubMed Scopus Web of Science
Records 773K 470K 107K
Metadata download Up to 10000 records | Up to 20000 records | Up to 1000 records
Access Open access Requireregistration Require registration
Sponsor NIH Elsevier Clarivate

4.1.2 Clinical trial repositories

The final goal in the development of a biomaterial is to demonstrate bistfficiency for its specific
purpose andts longterm security in the clinical situation. For that, clinical trials are a highly valuable
source of information in medicine and more concretely for the biomaterials field. Clinical trial
repositories allow acceds detailed information about protocsland clinical reports. Some of them
filtrate some common data, for example the study status, allocation type, phase, recruitment status,
etc. Clinicaltrials.goprovidesa first filtering by treated disease and country and a tabular view of the
results. TialSearch allows to filter by phase and specifications about rare diseases/orphan drugs and
genome editing. All the clinical trial repositories registered and dfesccess and resumed Trable9.

Name

EU Clinical Trials
Register

Table9. List of free clinical trial repositories

‘ Description

The European Union (EU) Clinical Trials Register enables protoc
resultexploration of interventional clinical trials conducted in the EU ¢
the European Economic Area (EEA) and clinical trials conducted o
the EU / EEA linked to European paediatniedicine development.

Size

43K

Open

Yes

ECRIN

The Clinical Research Metadata R&pary, an online tool to helg
researchers explore data linked to clinical research study, and ok
information on the accessibility of those results. ECRIN made the Cl
Research Metadata Repository freely available to all scier
researcherandis updated regularly through global data collection.

>10K

Yes

Clinicaltrials.gov

ClinicalTrials.gov is a database of global, privately and publicly fu
clinical studies.

424K

Yes

TrialSearch

The Clinical Trials Search Portal provides accessaoteal database anc
links to the full original records.

Yes

OpenTrials

Collaboration between Open Knowledge International and Dr Gold
(University of Oxford DatalLab), aiming to locate, match, and shar
publicly accessibledata/documents, on all trials conducted, on
medicines/ treatments, globally.

Yes
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4.1.3 Raw data collections

Also known as primary data, raw data are simply the data as it is when collected from a source, like
unprocessed images, or numerical data fockeéested sample prioio pooling or statistical analysis.

9EI YLX S& O2dz R AyOf dzRS ydzYSNAOLFt RIFGE FNRY YI i
techniques, or measured gene expression on a specific scaffold. The sharing of raw data remains sadly
low in many scientific domias. Authors hesitate to share their raw experimental data for multiple
reasons, ranging from intellectual property issues to technical reasons. Nevertheless, in areas such as
protein biochemistry or genetics, raw data sharing in open repositories is pawnon practice. In

the biomaterials domain, recent years saw publishers encouraging or even requiring authors to share
the raw datasets supporting their manuscript. Thus, there are at least a few options for gathering raw
biomaterials data for analysis fmo general raw data collections (Meeley Data, Zenodo and
Figshare)lt is also possible thnd biomaterials dataas mentioned before, about RNAseq that is most
commonly shared (in GE#Dofiles). A summary of the search is found here:

1 Mendeley Data (1,24 records, Dataset: 513K, Publications: 321K, Images 36K)
1 Zenodo (350K records, Publications: 296K, Dataset: 21K, Images: 10K)

1 Figshare (1,1M records, Publications: 280k, Dataset: 240k, Images: 214Kk)

1 GEO profiles (RNAseq data, Dataset 100K)

4.1.4 Patentdatabases

An effective way to protect findings in science is to resort to patents. A huge amount of information
about biomaterials can be fourid these sources, and similarly to research articles they are archived
in different servicesEspacenet and U.Batent and Trademark Office (USPTO) are the European and
American patent offices providing dataseBATENTSCQPEelonging to the World Intellectual
Property Organization (WIPQ), provides patent documents but does not allow batch dowatuagle
Patents has a wider, more global coverage of patents from many regional and country offices. Lens
serves patent records from over 95 different jurisdictions. Its patent search capabilities offer advanced
Boolean functions, structured search, biological searchssification search, filtering and sorting
options to find the most relevant and important patents. Finally, Scopus also includes information from
patents. Patent sources are summarised able10. Thenumber of resultsvasrecorded by searching

F 2 NJ 0 K Biomatérisly@Enedical material anddtissue engineering ®

TablelO. List of open patent databases

Google ESPACENET PATENTSCOPE LENS USPTO SCOPUS
Patents PATENTS
Records 128K 1,9M 114K 1,78M 30K 2,1M
Metadata ca. 25K ca. 500 ca. 10K records | ca. 1000 records No No
download records records (with account)
Sponsor Google EPO WIPO Cambia USPTO Elsevier
API No Yes No No Yes No

© 2023 BIOMATDB HORIZON CL42021-RESILIEN@HE-25 | 101058779



D2.1 Knowledge compilation and structural material collection

4.2 Ontologies

In practice, knowledge representation often takes the shape of one or several ontologies. An ontology
is an explicit description of concepts in a specific domain, which enables common understanding of
the structure of information and itse-use. Ontologies provide a common terminology that can be
shared by researchers and are represented in a maet@adable language. They also provide logical
structure for performing knowledgbased searches using informatics tools and software, speeging
retrieval and analysis of data and facilitate semantic sharing and integration of data stored in disparate
resources by providing the logical relationships between different pieces of informaddn

The knowledge in an ontology is represented astaof classes, concepts relevant to the domain, their
properties, describing various features and attributes of the concept, and the relationships between
the classes. By recognizing hierarchy, rules and relations between concepts, ontologies can set the
ground for reasoning. The last decade saw a large increase in the number oflypabdidable
ontologies, many of which are in the biomedical domain. The easiest way to find ontologies is by using
a keyword search in one of the following ontology repasés:

1. NCBGBioportal is a web portal enabling search, download, review, and integration of disparate
ontological resources in all aspects of biomedical investigation.

2. Ontology Lookup Servic€OLS) is a repository for biomedical ontologies providicgess to the
latest ontology versionsThe ontologiescan be browsedthrough the website as well as
programmatically via the OLS API.

3. Ontobeeis developed by a group from the University of Michigan Medical School, being-a web
based linked data server drbrowser specifically designed for ontology terms. Ontobee supports
ontology visualisation, query and development.

Tablellshowsalistof ontologies wheretheterti 6 A 2 Y G SNRA L £ ¢ 2NJ aédy2yeé&vyYa | N
and divided in subcategoriesThis list was the result of the keyword search conducted by the
BIOMATDB consortium

Tablell. List ofrelevantontologies, described and divided in subcategories

Description Last Classes Relevant categories

update

sis on material processing
structures and features

BIOMATERIALA nondrug

Classification or nature o
biomaterials. Subcat Alloy,

Subcategories by

Devices, An ontology developed tg 2021 601 - ’
Experimental | facilitate information cu raw material or substance raw  materials
Beaokeant ation in the area of suitable for inclusion in biomaterial
Biomaterials | medical devices, experi systems which augment o types are classi
Ontology mental scaffolds and bio replace the funCthn Of bOdll) fied by
; tissues or organs. Subcat: alg
DEB materials. The ontolo b s
(DEB) was desianed to complgg nate, hydroxyapatite, gela | COmposition  of
g_ - | tine. etc materials, no hie
ment existing medical g rarchy between
vocabularies, with empha BIOMATERIAL TYF the rest of clas

ses (properties of
the materials)

asseiated  with  bie ceramic, composite, metal

materials and experi etc. Definition of bie

mental scaffolds. logically — active
BIOLOGICALLY ACT| substance could
SUBSTANCSubstance, often help to distin
a peptide or protein included guish this with
in a manufactured object i biomaterials.

order to impart a biological
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activity. Subcat: antibiotics
BMP, heparin, etc.

Ontology that describeg 2014 253 BIOMATERIAL A nordrug | g hcateqgories o
the field of Tissue Eng substance suitable for in .5 rerials by
neering for what concerns clusion in  systems whicl ., 0qition,

bone and cartilage tissue ?ugment for _rleplfe\ce the separate clases
unction of bodily tissues o for  properties

organs. Subcat: Cerami and behaviour
composite, metal, polymer
etc.

BIOMATERIAL BEHAVIDie
set of behaviors that charac
terize a material on its
chemicalphysical nature.
Subcat: Bioerosion
bioabsoption, etc.

SCAFFOLD PROPERT
Property that is typical of a
specific scaffold, dependin
not only on the material but
even on the shape, the siz¢
the structure etc. Subcat
Mechanical properties,
morphdogical properties, etc

CHEMICALCOMPOSITIOM

An ontology that repre | 2012 1904 > = | Biomaterial is
sents the basic knowledg quallty_ inhering in an objec not defined, no
of physical, chemical an by virtue of the type, piorarchy
functional characteristics quantities or relative ratios of popveen  these
of nanotechnology as chemical components of the classes

inhering  entity.  Subcat

used in cancer diagnos ) 5
mineral, metallic, etc.

and therapy.

PROCESS processual entity
that is a maximally connecte
spatiotemporal whole ad has
bona fide beginnings and
endings corresponding to reg
discontinuities Subcat
emulsification,
functionalization, etc.

CHARACTERIZATION ex
periment performed to déer-
mine the distinctive charac
teristics (propertybehaviour)
or essential fetwres of a
material  entity  Subcat:
physicochemical, biologically
etc.

BIOLOGICAL PROCE38y
process specifically pertinen
to the functioning of
integrated living units: cells
tissues, organs, an
organisms. A process is
collection of molecular events
with a defined beginning anc
end Subcat: antangiogenic,
anti-proliferative, etc.
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Medical Subject Headings
National Library off
Medicine

2022

349K

MEDICAL OR DENT]

MATERIAL Substances use

in biomedicine or dentistry
predominantly  for their
physical, as opposed t
chemical, properties. Subca
alloys, cements, denta
materials, membranes, etc.

Subcategories o
biomaterial
mixed between
composition and
form

Computer Retrieval o
Information on Scientific
Projects

2022

9039

BIOMATERIALsynthetic or
industrial materials intended
for use incontact with human
tissues. Subcat. Biegrad
able, dental material, oral fa
cial restoation material,
tissue support frame, etc.

BIOMATERIAL
COMPATIBILIT¥ompatibility
and incompatibility of bie
materials depends on a nu
ber of factors,including ele
ments of toxicology, immu
nology, surgical teafique,
implant design, motion, me
chanics, porosity, matel
surface properties, and bio
recognition. Subcat: interfacg
interaction, antthrombotic
surface, etc.

BIOMATERIAL

DEVELOPMENTSynthesis or
manufacturing of synthetic o
industrial materials intended
for use in contact with humar
tissues.

BIOMATERIAL EVALUATI
evaluation of synthetic of
industrial materials intended
for use in contact with humar
tissues.

Subcategogs of
biomaterial
mostly by apph

cation, separate

classes for com
patibility,
development
and evaluation

Reference  terminology
that includes broad cove
rage of the cancer do
main, including cance
related diseases, findings
and abnormalities.

2022

172K

BIOMEDICAL MATERIAhy
substance other than pharrma
cologic substance that can b
applied in biomedical re
search or in constructing
artificial organs, devices, @
prostheses that can be intro
duced into thehuman body.
Subcat: Ocrytale, mecrylate
etc.

PROSTHESASIevice which is
an artificial substitute for a
missing body part or function
used for functional or

Subcategories o
biomaterial by
raw material,
separate classe
for prosthesis
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cosmetic reasons, or both
Sucat: Implants, stents, etc.

Biological and | Biological and 2022 450K BIOMEDICAL MATERIADy Subcategories of
Environmental| Environmental Researc substance other than pharma o naterial by
Research Ontology (BERO) is 3 cologic substance thatcan b o, material,
Ontology application ontology applied in plomedlcal re separate classes
(BERO) developed by the search ~or in constructing ¢, prosthesis

artificial organs, devices, @
prostheses that can bg
introduced into the human
body. Subcat:  Ocrytale
mecrylate, etc.

combination of many
ontologies (base o
subsets).

PROSTHESASIevice which is
an artificial substitute for a
missing body part or function
used for functional or
cosmetic reasons, or both
Sucat: Implants, stents, etc.

From these ontigies, we reviewed in detail three of them, the Devices, Experimental scaffolds and
Biomaterials Ontology (DEB), the Bone and Cartilage Tissue Engineering Ontology, (@CTiES)
NancoParticle Ontology (NPOJhey have beeselected because they not gntontain classes relevant

to the domain, but they provide a specific view and understanding of information in the field. All these
three ontologies are available to download from Bioportal:

1 The DEB Ontologyis centred on the knowledge representation ofvitees, implantsand
experimental scaffolds. DEB was designed using a betfmapproach, relying on the content
2T NIYyR2Yfe& aStSOiGSR H4h Tha reshilivasyan efatN® prdces) | 0 & |
that captured the language used by scientistthim domain to describe the objects they have
created, their function and effect. The DEB ontology assumed that the final application of a
OA2YIFGSNARLFE Aa Ay GKS F2N¥ 2F | aYl ydzFl Ol dzNB
I LILX A O G A 2y Of the\blijectda$ Bl dsdxdbilisses related to biocompatibility.
More detailed information on the DEB Ontology can be found in seétibn.
1 TheBCTE@ntology attempts to tackle the heterogeneity of the data types generated as an
output of bone and cartilage tissue engineering research. It appears to have been the first
attempt to provide means for data integration and standardisation in the field of tissue
engineering. At the core of BCTEO are five main classes: Biomaterial, Experiment, Organism,
Tissue and Cellular response, and these classes interact at various levels td tisstde
engineering knowledgeTKS Of I 4a W. A2 Y| $xXSaNdkd G falxra SERA OK/ SH
W/ 2YLIRaAGSQY WDSyRE YWHaliKISIND B5A 2Wil A1fSENRINIA Q@ | Y R
Y2NB ALISOAFAO Of I aaSa 0 W/ okfewdassksof afriSuteQlhked!. A 2 3 f
G2 GKS&asS YFGSNARAEFEA oW. A2YI GSNRAIf 0SKI @A2dNDS
1 The NPO Ontologywas developed to represent knowledge underlying the preparation,
chemical composition, and characterization ofnoenaterials involved in cancer research
[141]. Similarly, to BCTEO and DEB, the creators of the NPO are acutely aware of the lack of
controlled vocabularies in the area of cancer nanotechnology and created NPO with the aim
to enable scientists to share, aotate, communicate and leverage data for tasks such as
inference.
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4.3 Biomaterials databasg

As previously mentioned, datan biomaterialscangenerallybe found in the form opublications and
patentsin general sourcesuch agournal repositories and patent databases. Howewenen using
these sourcesrelevant datain the field of biomateriak must be selectedmanually, which leads to
considerable effort and difficulty in finding relevant informatidrhe use of speciatid databases can
help in this process of finding relevant information. In additionredudng the amount of data,
specialised databases offadvanced search systems that help in the search processswalisation
tools that help to interpret the informatin. In the biomaterials fieldhere is still a rather small number
of specialisediatabases, andnly a few open access tools can be found:

1 The major effort for extracting information about biomaterials is Betabase of Experimental
Biomaterials and their Biological Effect (DEBBIH)isEU Horizon 2020 funded projdtad the
goal to develop an open access database of biomaterials autorfigtivarated from the
scientific literature using text mining tools. More detailed information on DEBBIE can be found
in the section7.1.1

1 The Compendium forBiomaterial Transcriptomics (cBiT$ the first repository that offers
biomateriatbased transcriptomics data together with all relevant biomaterial metadata. cBiT
was an initiative of the&le Boer labwvhen still at the Merln Institute in Maastricht, and now at
the department of BME at TU/e. cBIT is continuing to expand as part of Platform for Therapeutic
Biomaterial Discovery at TU/e. cBiT allows to browse, downlead analysedata. An
impression of the layout of the cBIT repository carsben inFigure57. Annex

1 TheBiomaterials Properties Databasprovides a list of tables provideas a service by the
University of MichigasNIDR Materials Science Research Centre at the University of Michigan
School of Dentistry. The tables are updated periodically foirental Materials and Their
Selectiod, 2ed., 1997 edited by W.J®ien and published by Quintessence Publishing which
holds the copyright. Dr. ®rien has been given permission to publish these tables
electronically An impression of th@iomaterials Properties Databasan be seen ifigure58.
Annex

1 The3D Printing Databasgublic repository/database of articles involving 3D printing in the
field of tissue engieering and regenerative medicine that is easily searchable by any user who
wishes to enter this field. This database is free for use and is aimed at systematically collating
the complex set of parameters that dictate material 3D printiAg. impression othe 3D
Printing Databasean be seen ifigure59. Annex

In addition to the freeaccessdiomaterials database ASM International (an association of materials
centric engineers and scientists) provides &®&M Medical Materials Databasé&his is a database of
materials associated with medical devices that have FDA approval (510(k) and PMA) or Emergency Use
Authorization, as well as those approved prior to 1996. In this regard the database provides
comprehensive coverage of medical device materials and coatings, as well as associated drugs in the
case of drug delivery vehicles, over a wide range of applicatioos,asicardiovascular, urologic, and
orthopaedicP ¢ KA & A& | ROSNIA&ASR +ta (GKS ¢g2NIXIRQa I NBS
composition, structure, properties, processing, performance, and evaluation of engineering materials
for medical purposesAccess to the ASM Medical Materials Database is obtained via annual; single
user subscription. The database powered by GRANTA ANSYS ,Mvhich isan enterpriselevel

solution providing >250,000 reference materials, along with tools for: 1) searchtegingl and
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viewing data; 2) generating charts, reports, and comparisons; 3) exporting data to CAD/CAM design
and FE simulation software.

For the case of a material, one can access the FDA approved Medical Devices that use the material.
Additionally, thedatabase provides a wide range of quantitative and qualitative properties, from
mechanical properties to physicochemical and biological properties.

For the case of a Medical Device, one can access FDA regulatory information, including classification
and gproval summary, and description of the device, as well as biocompatibility information,
including which ISO 10993 assessments were conducted. Importantly, the Medical Device pages
provide crosgeferencing to the materials used in the device, as welhasdevice Producer.

An additional tool provided by the ASM Medical Materials Database is the ability to compare materials
over a selected set of properties and generate charts and tatf@sally, the database provides a
potentially powerfultool in the form of searching for substitute materials based on a set of criteria,
resulting in tables with comparisons and distance scores from the reference material. However, it is
important to note that the database is limited to materials used in FDA approveidede\so novel
NBEASFNOK YFGSNAFfa FNB y24G AyOfdzZRSR Ay GKS aaSt N
Additionally, there is a database developed specifically for biomaterials that is no longer active. Biomat
_dBase[143] is abiomaterials databasereated using a fational database management system
(RDBMS). It provided the following information on biomaterials: how the structure is solved
experimentally (¥Ray crystallography, NMR spectroscopy or fibre diffraction method); resolution of
the structure; group of thgrotein or polysaccharide (e.g., hydrolyses, celluloses); assembly type (e.g.,
DNA or RNA bound, protein chain, number of residues); and references of the strilet8te

Tablel2. List of the available databases specialised imiterials.

Name ‘ URL ‘ Description Size Open Limitations

DEBBIE Link | First database performing biomateria 344K Yes Limited to
named entity recognition, biomaterials tex studies abstracts
classification and database deposition | extracted from
information about scaffolds and implant¢ from PubMed

Enables fregext /keyword search and filtery PubMed
by top associated terms; filters narrowed b
selecting annotation categories. Allows f
study type information and abstracg

exportation.

cBIiT Link | Compiled transcriptomic data linked wit 28 studies = Yes S_maII i
biomateriatcell interaction. Information car 17 dimension
be annotated by material, biological ¢ biomaterials Limited to a
technical properties. +11 specific field

tendons

Biomaterials Link Database of various biomaterials propertie 244 studies | Yes S_maII )

Properties such as density, hardness, elastic modul dimension

Database etc. organised in a table of 45 properties

3D Printing | Link | Public database of articles on 3D printing 1 807 studies | Yes S.mall .

dimension

Database tissue engineering and regenerati
medicine, collating the parameters dictatir]
material 3D printing (only to extrusiepased
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3D printing). Selection of raw material t Limited to a
view publications, printing conditionsand specific field
heat maps tovisualise3D printing parameter
space. Allows metadata download.

ASM Link | A commercial database featuring bo No Restricted
Medical material properties and biological respon access upon
Materials data, aldressing Surgical, Cardiovascul annual
Database Orthopaedic and Neurological medic payment
device designers. Allows free trial. subscription.

Data about materials composing medical devices can also be found sottesponding associated
regulatory documents. The FDA possesses several databases that collect information about
classification of medical devices, prearket approval and pognarket surveillance, some of them
being specific for one class of medical deyiwhich are summarised irable24.

4.4 Related material databases not specialised in medical biomaterials

Physicochemical properties of raw materials can be fourmbimventional materials databas@sble

23. Annex Overall, this type of database provides information based on the chemical forrhtha o
material. Databases like AFLOWIib or Electronic Structure Project among others calculate physical
properties from the electronic structure inorganic compounds. Novel Materials Discovery allows to
perform atomistic simulations for modelling. Someloéin (i.e., Materials Project, Springer Materials)
have a list of labels regarding several material properties, like electronic structure, phonon dispersion,
diffraction patterns, aqueous stability. Magnetic properties, etc. On the other hand, severabdatab

also possess data from both inorganic and organic materials (i.e., COMAR, Knovel, etc.). MATWEB
presented a dataset of thermoplastics and thermoset polymers, metals ceramics, and fibres and a tool
to compare several material properties. Scigindereztdl chemical information from journals, patents,
conference proceedings, and technical reports.

Interestingly, all of these material databases exclude information about biopolymers. In this sense, we
have to go to more specialised material databasesno finis kind of data. We only found 3 databases
about polymers, being one open access (Polymer Database) and two restricted (Polymer Library and
Polymers: A Property Database). The Polymer Database provides thermophysical properties of
polymers, some of #am being biopolymersi.g., cellulose derivatives). Polymer Library includes
references from relevant journals together with conference papers, specifications, and standards,
books, reports, press releases, company literature, data sheets, and direcifiieds an extensive
collection of physical property data for polymers and monomers by CRC Press. The electronic
handbook may be searched by keyword, or by ranges of property values. All these databases miss
information regarding biocompatibility, biosdfe biological properties, etc.

To have information about polypeptide materials, common protein databases can be employed, like
the Protein Data Bank(https://www.rcsb.org/), the Structiral Classification of Proteins
(https://scop.mrecimb.cam.ac.uky, and CATHD@®ttps://www.cathdb.info/).

Data about materials composing medical devices can also be found in the corresponding associated
regulatory documents. The FDA possesses several databases that collect information about
classification of medical devices, premarket approval and-p@sket surveillance, some of them
being specific for one class of medical device, which are summariSetie?4. Annex
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In the European context, the new rules on medical devigeg(lation (EU) 20174%) andin vitro
diagnostic medical deviceR¢gulation (EU) 2017/7%$have established the creatiorf EUDAMED.
EUDAMED will provide a living picture of the lifecycle of medical devices that are made available in the
European Union. It will integrate different electronic systems to collate and process information about
medical devices and related compasiie.g.,manufacturers). EUDAMED aims to provide better access

to information for the public and healthcare professionals. It will include information about actor
registration, unique device identification and device registration, notified bodies andficateis,

clinical investigations and performance studies, vigilance and market surveillance.

As it is described isection3.6, each regionEurope, U.SChing hastheir own regulatory organisms,
which makes it difficult to compare data between them. Thternational Consortium of Investigative
Journalists (IC1J) International Medical Devices Database (I86v@3that in part. The IMDBontains
information on more than 120,000 Recalls, Safety Alerts and Field Safety Notices about medical devices
distributed worldwide. The information connects with medical device companies and their
subsidiaries. The database allows users to explore events associatatensdime product in different

parts of the world. It covers not only implants, but a wide range of devices that have been recalled by
manufacturers and reported to local authorities everything from condoms and gloves to complex
high-risk devices like m@makers and defibrillators. This database also used FDA Device Classification
Panels to identify broad categories of medical specialties, such as cardiologythopaedic, that

would use specific devices. Products that were part of dlassalls in he U.S. and their respective
categories were used to match them with the same medical device in other countries and include their
classification. The matches were not done against dlagsd clasdll recalls, which means not all
devices outside the U.8ave a Device Classification linked to them. The IMDD also includes links to
primary sources for reference purposes and an interactive map that allows exploration by céantry.
impressions of the IMDD séagure60. Annexand Figure61. Annex

Interestingly, we have not been able to find any kind of specialised database in any part of the lifecycle
of ATMPs, apart from the research articles registered by the DEBBIE database about biomaterials
intended to be used as part of an ATMP.
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5 Intelligent data processing approaches

When examining the design of Intelligent Data Processing platforms and technical approaches applied
to the field of biomaterials, it must be considered that there is no single technical solution or platform
that serves as a commonly used technical framework for building specifically biomaterials databases
or structure knowledge bases.

A diversity of systems, components, processing modules/platforms have been developed over the past
years that are clearly relevaffor biomaterials data processing, many of them were originally more
focused on biomedical, clinical, chemistry, general material sciences or pharmacological data
processing scenarios. Some of them are also general domain text data processing soluticas that

be applied or adapted to process biomaterials data.

Thus, generating an exhaustive compilation of all potentially relevant technical resources and solutions
that might be somewhat relevant for processing biomaterials data is unfeasible. We thereifore w
focus on providing a selected compilation and general characterization of platforms, components, and
modules of relevance specifically for building biomaterials related data processing
components/pipelines or that can be in principle adapted or tunewvards biomaterials data
processing and data annotation/extraction.

The objective is to have a general vision of the current state of Intelligent Data Processing
systems/resources, in particular of Natural Language Processing (NLP) technologies thaipgdiete
to process content related to biomaterials or other somewhat relevant research domains.

5.1 GATE, General Architecture for Text Engineering

GATEHSs a Java framework for developing Nlipelines, developed by the University of Sheffield, UK,
which started in 1995 and is used by a wide community today, including applied scientific research like
biology, biomedicine, chemistrand materialsciences. GATE includes a number of NLP comp®nen
and wrappers that allow developers to integrate noative components. In the DEBBIE resource,
annotations were performed using the Biomaterials Annotator, an instrument combining several open
lexical resources which builds on the General Architectfifeest Engineering (GATE) software.

The GATE architecture enables the integration of a variety of linguistic text processing techniques that
classify documents and extract relevant information such as mentions of particular predefined concept
types or reléions. GATE enables the integration and allows the construction of systems for a specific
task, using a series of modules, each carrying out a specific data processing step.

GATE is based on a centralised batch execution architecture with its own syalabilition
(GateCloud). GATE distinguishes between different types of components:

A Language Resources: Resources such as dictionaries and ontologies, necessary for the NLP
components.

A Processing Resources: NLP processors.

A Visual Resources: Graphical tgasch as annotation editors or viewers.

The first versions of GATE, developed in 1997, allowed defining processing chains (pipelines) by
selecting the NLP components on a graph that showed the dependencies between modules, according
to the annotations thg consumed and generated.
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GATE, together witNatural Language Toolkit (NLT¥as historically one of the preferred tools used

in NLP courses, because it has a graphical interface that makes it very intuitive for users without
programming knowledge and has a much less steep learning curve than other intelligent data
processing frameworks likgnstructured Information Management Architecture (UIMARhe system

uses JAPE (Java Annotation Patterns Engine) for interoperability between components wigmtdiffer
input/output requirements.

Docurnent format
[(XML HTML, SGML, email, . A'NNIE’ LaSIE
IE modules
Input: . GATE
URL or text Document (_\ l
‘/ - . JAPE NE
Unicode cl Ch?Cta- Sernantic Grammmar
Tokeniser  [* as3 SEqueice Tageer Cascade
L Rules
' y
INOTE: square boxes are
. Flex Lexical Name unded
Processes, 1o ONES are
Lemmatiser |4 Analysis G } Matcher data.
r h
FS Gazefteer | Pits Buchart . AV Prolog
Lookup — Parser Grammar
5 . s . H1/Prolog
entence . JAPE Sentence DisInt ” WM
Splitter Patterns Fxtraction Rules
A
= - . s
HipHep . Brill Rules GATE Document
Tagger A Lexicon - XML dutnp of
utput: | NE/TE/TR/ST Annotations

Figure42. Atypical processing chain using ANNIE and LaSIE components used in GATE
Some of these tools/components are no longer maintained arelout of date such as: ABNER,
MiniChem/Drug Tagger, AbGene, Penn BioTagger, MutationFinder, Metamap.

The resources available for GATE that might be relevant for biomaterials data processixglaired
below.

5.1.1 Native componentyBADREX

BADREX

BADREXs a GATE plugin that identifies abbreviatiafinition pairs using dynamic ratar
expressions, extending the Schwartz & Hearts algorithm. It also uses a subset of the selection rules
described in Ao & Takd®ALICE algorithm. In addition to extracting terms and their abbreviations, it
annotates them and adds their correspondingoghand long forms as annotations. Abbreviation
detection and resolution are relevant both for intelligent data processing of biomaterials content as
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well as for improved search experience and user query disambiguation referring to biomaterials
relevant cacepts.

There also existthe option to expand all the abbreviations in the text that match the most recently
detected pairs or the option to annotate and classify common medical abbreviations pulled from
Wikipedia.

5.1.2 Non-native componentgGSpell, GEN)A

It is possible to adapt external processing resources and integrate them into GATE by creating a
wrapper. A wrapper is a Processing Resource (PR) that is responsible for connecting an external
resource with the GATE components allowing their communicati@hraaking them interoperable

with each other. Rather than focus on providing support for a single external tagger, this plugin
provides a generic wrapper that can be easily customised (no Java code required) to incorporate many
different taggers within GATE

The basic idea behind this plugin is to allow the use of many external taggers. Providing such a generic
wrapper requires some assumptions. First, it is assumed that the external tagger will read from a file
and that the content of this file will be orennotation per linei(e.,one token or sentence per line).
Second, it is assumed that the tagger will write its response and that it will also be based on one
annotation per line, although the input and output annotation types are not supposed to be the same.

Wrappers like the Taper Framework are convenient for a startup phase, but are often not scalable.
Thus, for each input the wrapper: (i) writes a file to disk with the input, (ii) launches a new annotation
thread, (iii) writes the results back to disk, and (iv) finally re&sethe results for generating final logs
and delete temporary fileObviouslythis system is not scalable and can hardly be implemented in a
production environment.

GSpell

GSpelis a spelling suggestion tool developed by the Lexical Systems Group of the National Library of
Medicine (NLM) to add suggestions to input and output annotations. The GSpell plugin has a lot of
customizatian options when it comes to making suggestions. For example, you can ignore words and
spelling suggestions smaller than a uspecified range, and use regular expressions to filter the words
passed to the spellingnalyser

This component is of relevanaethe context obiomaterials dataannotation to improve mapping and
normalisation of automatically detected biomateriakdevant concepts to structured vocabularies,
ontologies, metadata items. Moreover, it can also be used to enhance user experienasdemwhere
no search hits are recovered to increase recall and enable more flexible query formulations.

GENIA

GENIA Tagges an English tagger, specifically develoged biomedical text, including as well
biomaterials research publications, that parses sentsramed returns word forms, their parts of
speech, word groups, and named entities. GENIA is included in GATE with all the features. GENIA
requires downloading amhinstalling the app externally, and then referencing it from within the app.

GENIA is the equivalent to ANNIE (a set of NLP modules integrated by default in GATE) for the
biomedical domain.
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5.2 UIMA, Apache Unstructured Information Management Architecture

UIMA (Unstructured Information Management Architecture) is a platform for NLP, originally
developed by IBM and now maintained by the Apache Software Foundation. It has many similarities
to the GATE architecture: it represents documents as text along with their annotations, and it allows
users to define pipelines of parsing engines that look at the document in much the same way as the
processing resources in GATE. The development kibstggreating analysis components in both Java

and C++, and running them on both a local and remote machine. GATE and UIMA can be combined
with each other.

Unlike GATE, UIMA uses strongly typed annotations (they assume fully domain dependent
annotations).UIMA is based on having a common representation of the annotations (CAS, of the
English Common Analysis System) with which the different components communicate.

UIMA distinguishes different types of components:

A CAS Initializer: Component to initialise BAS.

Collection Reader (CR): Component to read the documents of a collection.
Analysis Engine (AE): NLP processor.

CAS Consumer (CS): Component to serialise or present the results.

> > >

The UIMA architecture is one of the most important systmhitectures in NLP, which has also been
evolving since its inception and has been used for a variety of intelligent data processing application
scenarios including content such as scientific paltlons and literature, patents, cliniceébcuments,
clinicaltrials, or web content. UIMAAS allows executing UIMA processes asynchronously, thus offering
greater scalability of NLP processes. UAR\replaces the stalled Collection Processing Manager
(CPM), which is now based on the Java Message Service (JMS) standard, an API MOM library (Message
Oriented Middleware, a queue management service using messages) for Java applications that
implements the poirtto-point and publish/subscribe implementatiomgiocols (both models can be
synchronous or asynchronous).

UIMA has been used in different domains, such as biology (biomp) or medical report processing
(cTakes, clinical Text Analysis and Knowledge Extraction System).

New architectures have noappeared, such as Argo, based on UIMA, which work according to the
NLP as a service model.

Resources included with or available to UIMA that focus exclusively on biomedical document
processing are explained below. Some of these tools/components are nerlargntained and out
of date, such as: ARGO, MedXN, Bluima.
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5.2.1 Native componentcTAKES, JCoRe, MedKATogStack, MedEX, AnatomyTagper

CTAKES

cTAKE&Clinical Text and Knowled@straction System) &n NLP system for extracting information

from electronic clinical texts. Originally developed by the Mayo Clinic, it has expanded to be used by
several international institutions. cTAKES is developed by combining both UIMA and GpaciiN._P.

Some of the concept types as well as document types processed by cTAKES are also of relevance for
biomaterials data processing, in particular under more clinical usage scenarios (implants and
biomaterials, adverse events associated withi@nateNA I  Q &se)Of A y A O f

cTAKES makes a wide variety of components available to the user, each of them with unique qualities
and capabilities. Each component includes at least one parsing engine (annotator), although some
include more. Some of the most usegkdhe following:

A Sentence Detection: A sentence detection model trained on manually annotated clinical data.
A Tokenization: ruldased tokenizer.
A Morphological Normalisation: A Lexical Variation Generation Tool from the National Library of

Medicine

A Partof-Party Labelling: A padf-speech labelling model trained on manually annotated
clinical data.

A Surface Analysis: A surface analysis model trained on manually annotated clinical data.

A Recognition of named entities:

A Mapping using dictionaries (lookup selarmlgorithm).

A Semantic typing, based on these UMLS semantic types: diseases/disorders, signs/symptoms,
anatomical sites, procedures, medications.

A Modifier detection module: negation detector, degree of certajngnd the subject

experiencing the clinicavent.

A Dependency Analyzer: Detects dependency relationships between words (machine learning
with a model trained on manually annotated clinical data).

A Role Analyzer: A role analysis model trained on manually annotated clinical data.

A Semantic role taggersaigns the predicatargument structure of the sentence (who did what,
to whom, when and where).

A Coreference resolution: Resolves coreference entities (machine learning with a model trained
on manually annotated clinical data).

A RelationshipExtractor: Discovers attributes such as the location and severity of a clinical
condition (machine learning with a model trained on manually annotated clinical data).

A Drug Profiles Module: Discover specific drug attributes such as dose, duration, form,
frequency, mode of administration, strength.

A Smoker Status Classification: Classifies the document/patient -aseker, smoker, non
smoker, or unknown.

The components included in cTAKES can be used together, forming a pipeline, or independently.
However, some of the components depend on other components; that is, the input of one component
may require the output of a previous component. The cTAKES compdependencies are shown in
Figure43.
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JCoRe

JCoREJULIE Lab Component Repository) is an open repository for NLP based on UIMA. It offers a range
of parsers developed in the JULIE group (University of Jena) for scientific texts written in English, both
for abdracts and full articles in the domain of biology. Some of these components are also relevant to
process biomaterials research content, in particular scientific publications and clinical trials.

The main components integrated in JCoRe are the following:

A Type systems: form a complete annotation type definition schema:
0 JULIE Type System.
A Mantra XML Types.
A Collection Readers (CR): allow users to access annotation information from other projects and
corpus):
0 ACE Reader.
BioNLP ST Reader.
DTA Reader.
FileReader.
IEXML/Mantra Reader.
MUCT7 Reader.
0 XMLReader.
A Analysis Engines (AE): they constitute the main part of the NLP pipelines:
0 JULIE Sentence Segmenter (JSBD).
OpenNLP Sentence Segmenter.
JULIE Token Segmenter (JTBD).
OpenNLP TokeBegmenter.
Acronym Resolution.
Gazetteer (Lingpipe).
Stanford Lemmatizer.
JULIE POS Tagger (JPOS).
OpenNLP POSTagger.
OpenNLP Chunker.
MST Dependency Parser.
OpenNLP Constituency Parser.
JULIE Named Entity Tagger (JNET).
JULIE Coordination Baseline.
0 Relatonship Extractor.
A CAS Consumers (CS): export annotations to various formats:
0 BioNLP ST Consumer.
o CAS2I0OB Consumer.
0 IEXML/Mantra Consumer.
o XMIWriter.
A Additional components: predefined pipelines for specific NLP tasks:
0 BioSEM Event Annotation (ST11 Model).
A Named Entity Recognition (biomedical).
A Partof-Speech Tagger (Medical).

O O O O o

O O OO0 OO0 o o oo oo
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MedKAT and CogStack

Medical Knowledge Analysis ToMgdKAT is a tool for UIMA adapted to thgathological domain,
prepared to extract information from a diversity of medical texts such as oncology. It makes use of
patterns to detect negations and resolve coreferences. Some of the relationships to be extracted are
based on the Cancer Disease Knalgke Model (CDKM) knowledge base. It offers a range of
components types including:

A Document ingest: determine the structure of the document and extract the implicit meaning
of that structure.

A Natural language processing: tokenization, sentedetection, partof-speech tagging, and
surface parsing.

A Concept Search: Search for concepts based on terminology (dictionaries) or specific patterns.
Includes denial detection.

A Search for relationships: components that populate the CDKM and reschafarences.

A Software tools for retrieval of medical information can also be found orCihgStacklatform

MedEX

TheMedEXsystem extracts drug information from electronic clinical records. It is integrated into UIMA
and contains an information extraction module and a normalizer that assigns Concept Unique
Identifier (CUI) codes from the Unified Medical Language System (UMLS) to the drugs found.

AnatomyTagger

AnatomyTaggers a tool for recognizing named medical entities thakig/\easy to use. The tagger has
several lexical and corpus resources and is easy to train and apply. Includes support for UIMA.

5.2.2 Non-native componentgdMetaMap, LINNAEUS

UIMA allows you to integrate external components through wrappers. To create a wrapper for UIMA,
four main stepanust be followed

1. Create a type system: The type system has representations of the CAS feature structure. The
type system specifies what typd data is available.

2. The parsing engine descriptor: The parsing engine descriptor defines the capabilities of the
NLP service, especially with respect to input/output. It should be based on the type system
from the previous step.

3. Generate Java classes: avthe necessary descriptor files, the UIMA JCasGen tool can be
used to generate the required classes.

4. The annotator class: The annotator class guides the construction of an annotation object. It
has to implement the functions of the initialization, pr@seng and destruction interfaces.

Some of the most relevant nemative components in biomedicine available in UIMA through wrappers
are described below.

MetaMap

MetaMap is a highly configurable program developed by the National Library of Medicine (NLM) to
map a biomedical text to the UMLS Metathesaurus or, equivalently, to discover the Metathesaurus
concepts mentioned in the text. MetaMap is one of the foundations bM8 Medical Text Indexer
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(MTI), which is used for serautomated and fully automatic indexing of N@wbiomedical literature.
This logger encodes MetaMap named entities into a format interoperable with UIMA components. The
annotator is available in UIMAough a wrapperhttp://sourceforge.net/projects/metamapuima/).

The main components integrated in MetaMap are the following:

A Lexical/syntactic analysis:
o Tokenzation.
0 Sentence detection.
o Identification of acronyms/abbreviations.
0 Labelling of grammatical categories.
0 Syntactic analysis.
A Each sentence found by the pparsing is further parsed by the following processes:
o Generation of variants: usingariants of all the words in the sentence.
o ldentification of candidates: the extent to which the intermediate results or
candidates coincide with the input text is evaluated.
0 Mapping- The candidates found in the previous step are combined and evaluated to
produce a final result that best matches the input text.
0 Word Sense Disambiguation (WSD): Concepts that are semantically consistent with
the surrounding text are prioritised.
A Licence: UMLS Metathesaurus.
A Basic processing components integratedsopported by the system:
o0 Programming language: Java.
0 Languages supported by the tool: English.
0 Input formats supported by the tool: Text.
0 Output format supported by the system: Text.

LINNAEUS

LINNAEU$ a generapurpose dictionary search software capable of processing multiple types of
document formats from the biomedical domain (MEDLINE, PMC, BMC, OTMI, textt ptoguces
multiple types of output (XML, HTML, TSVexyort to a database). It also contains methods to act as

a server (including managing load balancing across multiple simultaneous servers), allowing clients to
request lookups over a network.

LINNAEUS can be run in two different ways: using an intetadrtry or using an external dictionary.

The internal dictionaries (subsets of the external dictionaries, contain the 10,000 most frequently
mentioned species in MEDLINE and represent approximately 99% of the mentions) are contained in
the Java JAR filed do not require configuration. Due to the small size of the internal dictionaries,
they require very little memory.

Additionally, we have also generated a collection of components, tools and systems covering a variety
of Intelligent Data Processing stegies for biomedical content of relevance for biomateraated
concepts and content analysis:
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Table13. Components, tools and systems for Intelligent Data Processing strategies

Component/t

ask

Domain

Original URL (some are obsolete/nc

maintained)

Ab3P Abbreviations | Biomedicine Text https:// github.comhcbinlp/Ab3P
Acromine Abbreviations | Biomedicine Text http://www.nactem.ac.uksoftware/
acromine/
AcroTagger | Abbreviations | Biomedicine Text ftp:/ /ftp.ebi.ac.ukpub/software/
textmining/abbreviation_resolution/
BADREX Abbreviations | Biomedicine Text https://github.comphilgooch/
BADREBiomedicalAbbreviation
Expander
BioText SH | Abbreviations | Biomedicine Text http://biotext.berkeley.edué¢ode/
abbrev/ExtractAbbrev.java
ChemDataE | NER Drugs and chemica| Text http://chemdataextractor.org/
xtractor compounds
substances
ChemicalTag NER Drugs and chemica| Text http://chemicaltagger.ch.cam.ac.uk
ger compoundsg
substances
ChemSpot | NER Drugs and chemica| Text https://www.informatik.hu
compoundsg berlin.de/de/forschungbebieteMbi/
substances resourcesthemspotthemspot
Chemxseer | NER Drugs and chemica| Text https://github.com/SeerLabs/
Tagger compounds$ chemxseeitagger
substances
Oscar4 NER Drugs and chemica| Text https://github.comBlueObelisk/
compoundsg oscar4
substances
tmChem NER Drugs and chemica| Pubtator https://www.ncbi.nlm.nih.gov/
compoundsg researchbionlp/Toolstmchem/
substances
Neji NER Genes Text BioCG https://github.comBMDSoftware/
XMUHTML | neji/wiki
SR4GN NER Genes Pubtator https://www.ncbi.nlm.nih.gov/
researchbionlp/Toolskrdgn/
Linnaeus NER Organisméspecies | Text http://linnaeus.sourceforge.net/
Micropie2 NER Biomedicine Text https://github.combiosemantics/
micropie2tree/0.1.0
OrganismTa| NER Biomedicine Text http://www.semanticsoftware.info/
gger organismtagger
SPECIES NER Biomedicine Text http://species.jensenlab.org/
GNormPlus | NER ProteingGenes BioCQ https://www.ncbi.nlm.nih.gov/
Pubtator researchbionlp/Toolsgnormplus/
Annotator NER General Text http://bioportal.bioontology.org/
annotator
BECAS NER General Text http://bioinformatics.ua.ptbhecas/
Bluima NER General Text https://github.comBlueBrain/
bluima
Casper NER General Text http://biosemantics.orghdex.php/
software/casper
ChemdNER | NER General Text https://bitbucket.orgtsendeemts/

chemdnerdemo
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http://biosemantics.org/index.php/software/casper
https://bitbucket.org/tsendeemts/chemdner-demo
https://bitbucket.org/tsendeemts/chemdner-demo

D2.1 Knowledge compilation and structural material collection

CIINER NER General Text http://text-machine.cs.uml.edu/
cliner/

LeadMine NER General Text https://
www.nextmovesoftware.com/
leadmine.html

DTMiner Search Diseases Text http://gdr-web.rwebox.com/

retrieval public_htmlindex.php

Ferret Search Genes Text https:// mullai.cs.uiowa.eduérret3/

retrieval genesearch/

ORGANISMY Searclh Organisms Text http://organisms.jensenlab.org/

retrieval Search

Meshable Search General Text https://www.ncbi.nlm.nih.gov/

retrieval CBBresearcWilbur/IRET/
MESHABLE/

SeMedico Search General Text http://www.semedico.org/

retrieval

BioMedICUS| General Biomedicine Text https://github.comhlpie/
biomedicus3

cTakes General Biomedicine Text http://ctakes.apache.org/

DNorm General Biomedicine Text https://www.ncbi.nlm.nih.gov/
researchbionlp/Toolsddnorm/

HITEX General Biomedicine Text https://www.i2b2.orgkoftware/
projectshitex/hitex_manual.html

MedTagger | General Biomedicine Text https://github.comOHNLP/
MedTagger

MedXN General Biomedicine Text https://github.com/OHNLP¥edXN

Meshy General Biomedicine Text https://github.cominfspiredBAT/
MeSHy

Metamap General Biomedicine Text https://metamap.nlm.nih.gov/

Laitor Other Coreference Text https://sourceforge.netprojects/
laitor/

MedTime Other Temporal Text http://ohnlp.orgindex.php/

expressions MedTime

Peregrine Other Multiword Text http://biosemantics.orghdex.php/

expressions software/peregrine

SimConcept | Other Simplification Pubtator https://www.ncbi.nlm.nih.gov/
researchbionlp/Toolskimconcept/

TaxonGrab | Other Organisméspecies | Text https://sourceforge.netprojects/
taxongrab/

5.3 Technologicaladvancesand deep-learningbasedintelligent data
processingesources

There have been significant recent advances in the development, quality and use of intelligent data
processing systems due to the improvements made by deep learning technologies and the exploitation
of language models to process textual data for a vartjasks, including document classification,
retrieval, semantic annotation as well as question answering or even machine translation. These
methodologies are being integrated also into technical solutions, which are clearly of relevance to
process automatally biomaterialgelated content with the aim of extraction biomaterials database
annotation items. Most of these technologies make use of manually labelled or annotated data
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collection which serve as example cases to train or learn automaticallypdet@ssing models by
means of machine learning technologies. Some of the more relevant resHmised content
processing resources of relevance for processing biomaterials content will be briefly introduced.

5.3.1 SpaCy

spaCyis an opeprsource software library for advanced natural language processing, written in Python
and Cython which is increasingly being used for productioneubath in academic environments as

well as by companies. It supports deep learning workflows that allow connecting models trained by
machine learning libraries like TensorFlow or PyTorch. It also features neural network models for text
classification and amed entity recognition (NER) tasks, thus being clearly relevant for application
scenarios such as classifying content for biomaterials relevance or detecting automatically predefined
concept types or entities of relevance for biomaterials annotation etioa.

spaCy has also prebuilt neural network models for 23 languages, including English, Portuguese,
Spanish, Russian and Chinese, as wetiidi-language NER models. It allows users to train custom
models on their own datasets as well, which is patédy relevant for developing new biomaterials
relevant entity detection components.

spaCy

nlp.vocab nlp
Vocab Language
[StringStore Vectors] Language data

nlp.tokenizer
| Tokenizer
Lexeme é |

Doc
T T o)

Token Span

nlp.pipeline
Component ) Component

Model

Figure44. General overview of the spaCy resource architecture
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5.3.2 ScispaCy

Due to the relevance of scientific content as an application domain of NLP technologies, and the
importance of text mining and intelligent content processing for building data analytics and
knowledgebase, several spaCy projects have been initiated spégifior processing scientific data.
Among these projectscispaCyas attracted particular attention.

It was created as a reliable, effective, and fast NLP pmcka meet the key texprocessing
requirements in the biomedical field, and is therefore also useful to automatically extract key
information elements of relevance for biomaterials content processing. It provides several entity and
biomedical concept exéiction spaCy models relevant to biomedical literature mining.

Since ScispaCy was created to help research in the biomedical field, it has multiple pipelines that can
be used to recognize ontologies like Gene Ontology, Human phenotype ontology, RxNord, MES
UMLS and more.

Apart from detecting ontologies and mapping vocabularies, machine learning models were trained as
part of the library to be able to detect diseases, chemical components, proteins, cellular components,
organgtissues, and more.

5.3.3 BRAT

In order to carry out efficient text annotation tasks with the aim of generating training data for
advanced text data analytics systems, text annotation tools are key. They allow not only to speed up
the data annotationdata labelling process, but also faeile annotation visualisation, editing,
corrections and consistendyguality comparisonsBratis one of the most widely used tools for web
based text annotation allowing users tar@tate (label) manually existing text documents as well as
adding remark&additional comment fields.

Brat is specifically made for generating machieadable highly interoperable text annotations. In the
example below, a sentence has been annotateldb®l and visualise mentions for certain biomaterial
related concepts.

[Medical Application_or. Disease | [Medical Application_or. Disease|
The wound repair of Streptozotocin-induced diabetic rats shows that  diabetic wound healing  is obviously accelerated
Materlal_Processing |
|[Manufactured_oObject|
Blomaterial ] [Medical Application_or Disease [Blologlcally_Active_substance |
by SF-MA-BS, interestingly the HIF-1a pathway is restored via interaction between HIF-1a and Cu2+, and

[Medical_Application_or_Disease|

angiogenesis is therefore enhanced.

[Medical_Application_or_Disease]
|_Assoclated Blological Process | [Medical_Application_or Disease]

Meanwhile, inflammation is well regulatt_:ﬂ' by SF-MA-BS, and 'Ibng-tefm detrimental inflammation is avoided.

Material_Processing
Manufactured Object

o [Medical_Application_or_Disease] StudQnTgée
These findings indicate that the SF-MA-BS hydrogel regenerates diabetic wounds, and further clinical trials are anticipated.

Figure45. Annotated sentence

Brat creates a separate file for each text document file that was annotated. This separate file
Fyy2i0l GA2y YSGIRIFGE FAES KEa Ly aolyyé SEGSyaarz
annotated entities and relations between them are recordédan in principle be considered as a sort
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of metadate file that stores the information associatedgth the labels or annotations referring to the
input document or text.

T32 Biologically_Active_Substance 688 690 BS
T33 Biologically_Active_Substance 708 829 bioceramics with a coupled network of interconnected [B03] and [
T34 Biomaterial 708 829 bioceramics with a coupled network of interconnected [BO3] and [Si04] which can
T35 Medical_Application_or_Disease 559 582 angiogenesis inhibition
T36 Medical_Application_or_Disease 587 611 inflammatory dysfunction
T37 Biomaterial 878 880 SF
T38 Biologically_Active_Substance 878 880 SF
T39 Structure 899 925 natural amino acid polymer
T28 Structure 1075 1083 hydrogel
T40 Biomaterial 1066 10683 SF-MA-BS hydrogel
T41 Material_Processing 1066 1083 SF-MA-BS hydrogel
T42 Material_Processing © 36 In Situ Photo-Cross-Linking Hydrogel
T2 Medical_Application_or_Disease 358 394 inhibits the subsequent angiogenesis
T43 Medical_Application_or_Disease 415 475 function and phenotype transition of macrophage are impai
T44 Material_Processing 708 829 bioceramics with a coupled network of interconnected [B03] and [Si04] wh
T45 Biologically_Active_Substance 1107 1161 methacryloyloxy (MA) groups modified on both BS and SF
T47 Medical_Application_or_Disease 1231 1244 wound surface
T48 Tissue_Type 1231 1244 wound surface
T49 Material_Processing 1252 1316 in situ photo-cross-linked to form an integral SF-MA-BS hydrogel
T50 Structure 1299 1316 SF-MA-BS hydrogel
T51 Biomaterial 1252 1316 in situ photo-cross-linked to form an integral SF-MA-BS hydrogel
T52 Medical_Application_or_Disease 1345 1358 wound
T53 Medical_Application_or_Disease 1352 1398 protects the wound from external contamination
T54 Medical_Application_or_Disease 1435 1453 wound regeneration
T55 Biologically_Active_Substance 1468 1484 therapeutic ions
T56 Medical_Application_or_Disease 1490 1582 wound repair
T57 Medical_Application_or_Disease 1555 1577 diabetic wound healing
T58 Material_Processing 1606 1614 SF-MA-BS
Figure46. Example annotation file in BRAT format.
5.3.4 Prodgy

Another commercial text annotation resourcePigdigy a tool for efficiently creating labelled training

sets and evaluation data for supervised macheemhing models to process texts (classification and
mention labelling). Prodigy can also be used to help scientists inspect and clean data, do error, analysis

and develop rulédbased systems to use in combination with statistical models.

| GENE |

Accordingly, treatment of the IRF-4 eeme -positive cell line BV-1
73 protem , SD-1 and RPMI-8226 eroten with AzadC had no effe

ct on IRF-4 expression.

Figure47. Example of annotating text orodigy

SinceProdigy is part of the spaCy ecosystem, it is easy to train a matdaneing model from the
database created birodigy. Thismakes the training process straightforward.
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