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1.

EXECUTIVE SUMMARY

ACTION-Grid is a Support Action (SA) funded by the European Commission (2008-2010). It
comprises seven partners (see Fig. 1): Universidad Politécnica de Madrid (UPM), Spain;
Instituto de Salud Carlos III (ISCIII), Spain; Foundation for Research and Technology Hellas
(FORTH), Greece; University of Talca (UTALCA), Chile; Hospital Italiano de Buenos Aires
(HIBA), Argentina; HealthGrid (HEALTHGRID), France; and the Medical School of the
University of Zagreb (UNIZG), Croatia. ACTION-Grid has been the First European Initiative in
Biomedical Informatics, Grid Computing and Nanoinformatics. Expanding the traditional
European focus of most EC-supported projects, ACTION-Grid brought together partners and
experts world-wide. With this extended scope, both in topics and locations, ACTION-Grid has
analyzed a wide range of issues, with its most significant results focused on two challenging
areas: a) collaborations between the European ICT for Health community and researchers from
other geographical regions (with particular focus on reinforcing the role of open source medical
information systems and exchanges with Africa, Latin America and the USA), and b) a
prospective analysis of the foundations and challenges of a new discipline called
Nanoinformatics and its relationships with Nanomedicine and Biomedical Informatics. This
analysis is a fundamental part of the ACTION-Grid White Paper. In this regard, one of the main
scientific objectives of the ACTION-Grid White Paper has been to analyze the new area of
Nanoinformatics, providing a scientific rationale for future research initiatives in the area that
could be used by the European Commission and the scientific community, in general.

Figure 1 – Geograohical distribution of the ACTION-Grid partners

After five decades of research and practice in medical informatics and bioinformatics, genomic
and translational medicine have emerged as promising new areas for biomedical research and
practice. Incidentally, with these fields still at their early stages, nanomedicine and regenerative
medicine introduce new scientific topics and industrial applications, where informatics methods
and tools can become the catalysts for enabling health care applications at sub-molecular or
atomic scales. In such context, while nanomedicine promises a new exciting frontier for clinical
healthcare practice and biomedical research, issues involving cost-effectiveness studies, clinical
trials and toxicity assays, drug delivery methods, and the implementation of new personalized
therapies still remain challenging. Nanoinformatics can accelerate the introduction of nanorelated research and applications into clinical practice, leading to our identification of what can
be termed “Grand Challenges” in the field.
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Figure 2 – Nanoinformatics Grand Challenges

These five Nanoinformatics Grand Challenges are related to: 1) Data and Knowledge storage
and management, including new bio-nano-repositories and the development of new standards in
the field, 2) Nano-ontologies and semantic search and interoperability, providing new
infrastructures and methods for integrating nano-related data and information systems, 3)
Extension of the European Virtual Physiological Human scope, including modeling and
simulation at the nano level —like the activity of nanoparticles in the human body—. In this
sense, adding relevant information at the Nano level could provide new insight for
understanding changes in the genotype, providing new foundations and explanations for
phenotypical traits. In this regard, we propose the idea of a “nanotype”, which could lead to a
large catalog of nanoparticles and biological targets, their interactions, potential nanotoxicities
and relations to different diagnostic and therapeutic uses. 4) the creation of a new area, that we
have labelled as “Translational Nanoinformatics”, establishing new links between basic
scientific research at the nano level and future clinical applications, and 5) extending traditional
Electronic Health Records to include nano-related information, which can be used for diagnosis,
therapy and the analysis of potential toxic effects of nanoparticles.
Finally, with this White Paper we aim to suggest new research directions which can be helpful to
the scientific community, as well as to suggest new directions for European R&D in various
areas with great academic and industrial opportunities for the future.
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2.

INTRODUCTION

One of the main objectives of the ACTION-Grid SA is to write a WHITE PAPER to analyse
significant aspects in the Grid/Nano/Bio/Medical Informatics areas in order to detect gaps and
to propose possible solutions to bridge the gaps leading to a European research agenda and a
roadmap covering these areas.
To best address the task of writing the White Paper the consortium designed a methodology that
was included in the original proposal of this Support Action (SA). This methodology was later
refined and slightly modified to adjust for a better use of the time and resources available.

Figure 3 – White Paper development process

The methodology used can be divided into two main phases. The initial phase was based on
general information retrieval while the second phase consisted of the generation of the different
versions leading to the final White paper.
In the first phase, to identify gaps and challenges for the future in these research areas, the
members of the ACTION-Grid project gathered information of the state of the art in Biomedical
13

Informatics, Nanoinformatics and current Grid initiatives in Europe, Latin America and Western
Balkans and North Africa.

Figure 4 – ACTION-Grid target research areas

The first tasks were to use information retrieval methods to identify and analyze the content of
relevant scientific literature on the subjects of interest. This step was facilitated by the use of a
tool developed by the ISCIII (BIKMAS). The areas of opportunity were specified as relevant
research topics that were then documented and prioritized. This initial work was also used to
help the consortium to identify several members of the panel of experts that later, together with
experts already identified by the EU and the Consortium, aided in the task of detecting the
challenges for research described in this document. Their insights have been of great
importance for designing the final research agenda proposed.
At the same time that the literature search was taking place, members of the consortium
developed a survey to help identify common areas of interest among groups working in
different areas of the world, aiding also in the identification of relevant professional and groups
working in the Grid/nano/biomedical Informatics fields in Europe (EU countries and Western
Balkans), Latin America and North Africa and to detect achievements and needs in
biomedicine, covering issues like biomedical data optimization and computer resources,
specifically in the above mentioned geographical areas, analysing how developments in this
same area by European groups can help support their research.
The figure below (figure 5), published in Deliverable 2.1 “Design of Survey Grid Initiatives”,
graphically depicts the design of the survey.
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Figure 5 - Survey design (figure from Deliverable 2.1 “Design of Survey Grid Initiatives”) 1

The main output of the analysis of the results of the survey was a preliminary list of topics of
interest that was combined with the information retrieved from the mining of the literature and
with the information included in the “Resourceome”—an inventory of Grid/Nano/Biomedical
methods and services developed by the UPM that ensures the collection of information
resources through Internet search engines (De la Calle et al, 2009).
The study and analysis of all the obtained information highlights work and research initiatives
that might have a potential for cooperation between the different countries involved. Once all
the information of the state of the art was analyzed, a questionnaire was developed, designed
and implemented. It contained questions about the current state of relevant topics and about
opinions for future developments. The questionnaire was then sent to the panel of experts and to
all the partners of the consortium to respond. The general structure of the questions included in
the questionnaire is shown in the following figure (Fig. 6).

1

See ACTION-Grid Deliverable 2.1 “Design of Survey Grid Initiatives”
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Figure 6 - Structure of the Questionnaire

Then, the results of the questionnaire were compiled and analyzed. The document that included
the aggregated answers to the questionnaires was distributed to all the partners for its review.
The findings were presented in a meeting held in March 2009 in Madrid attended by all the
members of the consortium and the panel of experts. The objective was to prioritize research
lines that are more relevant in these fields of interest. The answers were discussed by the
attendees to the meeting who made suggestions and provided input. The results of this fruitful
collaboration between all the different scientists from different disciplines and work areas were
the research lines proposed covering the Grid/ Nano/Bio/Medical Informatics areas.
The discussion held during the meeting highlighted the singularities of the nano work and the
possible research challenges that this recent new line of work might have for scientists to
develop applications, methods and tools that will be used in medicine and that will promote and
facilitate understanding and collaboration of scientists all over the world. The prioritization of
the research lines and topics will provide the basis for the development of a future research
agenda. To facilitate such main objective of the White Paper, five Grand Challenges were later
compiled and/or created, suggesting in some cases new ideas for future R&D in the area —
particularly for Nanoinformatics and Nanomedicine.
The meeting was the starting point of the generation of the document, the second phase. The
coordinator of the project and the Work Package leader developed a basic structure for the
document contents based on the consensus achieved by project partners and scientific advisory
board (SAB) members and with this consensus in mind they distributed the tasks for the writing
of the different sections of the document as shown in the table below (table 1). The table
highlights the person or partners in charge of the specific section and its approximate length.
Table 1 - Distribution of tasks of the White Paper among partners and SAB members
Section of White Paper
1

INDEX

2

EXECUTIVE SUMMARY

Person/Group in
charge

Size

-

-

All

-
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Section of White Paper

Person/Group in
charge

Size

All

-

3

INTRODUCTION

4

BACKGROUND / STATE OF THE ART
This section should include an emphasis on the European situation. Also an analysis of the general
international context, particularly the US perspective.
US perspective

Martin Fritts

3-5 pages

FORTH
HIBA

15 pages

HEALTHGRID

10 pages

UTALCA (Tomas PerezAcle)

8-10 pages

Public Health (including
surveillance)

UNIZG

10 pages

Clinical applications of
Nanotechnology

UTALCA (Danilo
Gonzalez)

10 pages

Access to high throughput
technologies

Luciano Milanesi

3 pages

Biomedical Informatics
Infrastructures
Identification of areas of Nano

5

RATIONALE
Including scenarios: i) Diagnosis and treatment; ii) Research causes of diseases.
Rationale
Diagnostics & treatment
Research causes of diseases

6

UPM

15 pages

Peter Ghazal
Norbert Graf

3-5 pages

Casimir Kulikowski
Joyce Mitchell

3-5 pages

GAPS AND PROPOSED RESEARCH LINES
Including three approaches: i) Applicability of BMI techniques and methods in Nanomedicine; ii)
New requirements for BMI posed by Nanomedicine; iii) Nanoinformatics for medical practice and
research.
ISCIII
Pierre Grangeat

5 pages

Applicability of BMI techniques and
methods in Nanomedicine (reuse of
BMI systems)

ISCIII

10 pages

New requirements for BMI posed by
Nanomedicine

UTALCA
Pierre Grangeat

8-10 pages

Nanoinformatics for medical practice
and research

UPM

10 pages

7

PRIORITIES IN R&D,
RESEARCH INSTRUMENTS,
TIMEFRAME AND STATUS

ISCIII

5 pages

8

HORIZONTAL ASPECTS

Introduction

17

Person/Group in
charge

Size

Ferran Sanz

3 pages

Sabine Koch

3 pages

Gordon Clapworthy

3 pages

UPM

5 pages

Rada Hussein
UNIZG
HIBA

10 pages

All

-

List of Participants

-

-

Definitions

-

-

General References

-

-

Section of White Paper
Expected Impacts on stakeholders
links with industry
Ethical, legal and regulatory aspects:
A. Ethical aspects
B. Legal and regulatory issues
Social and economic aspects.
(innovation & spinoffs)
Cultural and educational aspects

9

CONCLUSIONS AND
RECOMMENDATIONS

10

ANNEXES

All documents were received and compiled by the coordinators of the project. This draft was
turned in to the European Commission as Deliverable 4.3 “Final draft of the White Paper”.
Once the comments were received a cross review (see table 2) by the partners and SAB
members was carried out following the suggestions made by the reviewers. This work led to a
draft that underwent a final revision by the coordinators thus generating this document, the final
version of the White Paper. As seen in this Final Document, after a consolidated draft was
completed, two new whole sections were included to add coherence and enlarge the scientific
impact of the paper. 3.2,3.3 and 3.4, dealing with openness in Biomedical Informatics, social
aspects, recommendations and publication in research projects, and section 8, “Grand
Challenges”. Both were carried out by the coordinator, UPM. In addition, other minor sections
(overview of nanoparticles and definition of regenerative medicine, were carried by ISCII
Table 2 - Distribution of review tasks of the White Paper among partners
Section of White Paper
1

INDEX

2

INTRODUCTION

3

BACKGROUND / STATE OF THE ART

Person/Group in charge
All

US perspective

UPM

Biomedical Informatics

ISCIII, UNIZG

Infrastructures

UTALCA

Identification of areas of Nano

UPM, UTALCA

Public Health (including surveillance)

HIBA

Clinical applications of Nanotechnology

UPM, ISCIII
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Section of White Paper
4

5

Person/Group in charge

RATIONALE
Rationale

UPM, ISCIII

Diagnostics & treatment

UPM, ISCIII

Research causes of diseases

UPM, ISCIII

GAPS AND PROPOSED RESEARCH LINES
Introduction
Applicability of BMI techniques and
Nanomedicine (reuse of BMI systems)

All
methods

in

FORTH, UTALCA, UPM

New requirements for BMI posed by Nanomedicine

ISCIII, UPM

Nanoinformatics for medical practice and research

ISCIII, UPM

6

PRIORITIES IN R&D, RESEARCH INSTRUMENTS,
TIMEFRAME AND STATUS

7

HORIZONTAL ASPECTS

UPM

Ethical, legal and regulatory aspects

HEALTHGRID

Social and economic aspects (innovation & spinoffs)

HEALTHGRID

Cultural and educational aspects

FORTH

8

CONCLUSIONS AND RECOMMENDATIONS

9

ANNEXES

All

List of Participants

All

Definitions

All

General References

All

19

3.

BIOMEDICAL INFORMATICS

The healthcare industry as a whole (including hospitals, private physician practice, specialty
practice, managed care providers, pharmaceutical companies, and health insurance) has an
interest in the development and implementation of health information systems due to various
reasons, such as, for instance: increase in healthcare costs, quality of healthcare provided and
the current interest in preventive care and chronic disease management. Informatics applied in
the health-care sector has led to the amalgamation of a distinct, research and practice field,
namely: Medical Informatics (MI). Information systems can provide a framework capable to
moderate costs and provide the best quality of care to patients.
MI has contributed to the design and implementation of numerous physician or institutional
systems and practical manifestations of impact are denoted as Hospital Information Systems
(HIS), Clinical Information Systems (CIS), Laboratory Information Systems (LIS), Primary
Health-Care Systems (PHCS), Clinical Decision Support Systems (CDSS), Physician Decision
Support Systems (PDSS) and the like. Every time a new term was invented and coined to
emphasize the particular aspect of health-care process being supported by informatics – along
these lines the term e-Health was invented to place emphasis on integration and to align healthcare information systems with developments in other fields such as e-government, e-learning,
etc.
On the other hand, completion of the sequencing of the human genome has shifted attention to
genomic research and to using the genome sequences in order to understand how genomes are
functioning. This, coupled with informatics, led to Bioinformatics (BI) —which had its roots on
computational biology, starting in the 1950s. Until recently BI and MI have followed separate
paths with few contacts and synergies between them. However, the urgent need for integration
and exploitation of the data and information generated by both fields requires a new approach
that enables a two-way dialogue between them that comprises data, methods, technologies, tools
and applications. This new approach is BMI.
To place BMI in context with emerging technological developments one needs to go down to
the fundamental ingredients such as medical decision-making, hospital and regional health-care
systems, consumer health-informatics and end-up with evolving trends in clinico-genomic
medicine. Section 3.1 takes the reader to a journey across ingredients and concludes by
integrating advances and state-of-the-art in contributing fields.

3.1.Biomedical Informatics (BMI)
3.1.1. Biomedical and Health Informatics
The International Medical Informatics Association (IMIA) in its recent “Recommendations on
Education in Biomedical and Health Informatics” (First Revision, 2010), proposed to use the
term Biomedical and Health Informatics as the term covering all the aspects of ICT in
biomedicine and health care. Or, as according to Don E. Detmer, Biomedical and Health
Informatics is “an integrative scientific field that draws upon the information sciences & related
technology to enhance the use of the knowledge base of the health sciences to improve health
care and the health of the public, biomedical & health related research, and related
educational, management, & policy” 2 .

2

http://chi.kaycentercases.org/pdf/KS08-18-Detmer-PPT.pdf
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Health care embraces the activities associated with improvement of health of both individuals
and populations. In the current global situation, health of both individuals and populations is at a
turning point: the need of integrating health systems and services, improving quality of health
data, and making accessible information and knowledge are the basis for decision support in
health care delivery. Adequate and effective health-care delivery for all raises concerns across
four borders areas, namely:
x

Personal health management

x

Healthcare delivery system

x

Public health

x

Research

The four areas form a nucleus structure—see Figure 7. Personal health holds the centerpiece
while public health encompasses all. Research is the vehicle that public health uses to advance
health care service delivery to the benefit of health care delivery for all.

Figure 7 - Health-care borders. Public health encompasses Research and Health-Care Delivery. All
three components should provide meaningful services to the benefit of personal health.

Health information systems need “health information” and one of the premises is that they need
to be useful and usable at the same time, although this might be seen as a paradox because the
interface needs to be simple in order to be usable, but it needs to handle useful information for
solving complex problems. An ideal health information system should comply with the
following idea: be able to fill-in, automatically, the information gap between usable, simple,
abstract descriptions and the useful, relatively complete representations required to solve
complex problems. This means that is important to correctly represent information in a contextdependent setting (Pantazi et al 2006). Yet, the needed engagement in this process has not
started, and this is shown by the fact that the health care industry spends about 2% of its
revenues on technology, while other industries generally average around 10%, and other studies
have shown that healthcare sector is still behind in comparison with other industries in terms of
implementation of information technology (Siau, 2003). It is also important to address the issue
that the computer should not become a barrier between the healthcare provider and the patient,
so that patient-provider relationship is enhanced with the help of technology by making
technology work positively in the aim of providing better care, rather than having clinicians
need to work for it (Hartzband and Groopman, 2008).
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3.1.2. BMI key ingredients
BMI is an emerging field, which aims to create synergies at the intersection between  and MI.
The mission of BMI is to provide the technical and scientific infrastructure and knowledge to
allow evidence-based, individualized healthcare using all relevant sources of information. These
sources include the "classical" information as currently maintained in the health record, as well
as new genomic, proteomic and other molecular-level information. Aiming at a change from
late stage diagnosis towards early detection or even prediction of disease, BMI bears the
potential to foster discovery and creation of novel diagnostic and therapeutic methods, in order
to improve the health and quality of life of the individual, as well as the efficiency of
expenditures in healthcare systems.
Figure 8 provides a schematic overview of the conceptual model that places BMI in context
with the actors that are likely to shape up structure and function.

Figure 8 - Broad context of BMI. Left side focuses on health-care delivery. Going bottom-up one
realizes that delivery is subject to medical decision-making, which is shaped up by status of personnel,
context (e.g. regular care vs. emergency care or home care vs. hospital care, etc.) and facilities. In
addition, delivery depends on the structure of the health-care system, which is the result of health
policy. Right side focuses on ICT. The right side purposefully excludes resource management and
focuses on components directly related to health-care delivery. At the centre lies Funding Policy which
can be viewed as a latent variable that influences behavior at both sides.

BMI is focused towards the analysis of biomedical information and knowledge. BMI addresses
the study of biomedical computer science with analyses of biomedical information and
knowledge, thereby addressing specifically the interface between computer science and
biomedical science (Shortliffe, 2009). BMI is more than simply the biomedical application of
computer science. The issues that it addresses not only have broad relevance to health,
medicine, and biology, but the underlying sciences on which BMI professionals draw are
inherently interdisciplinary as well. Thus, for example, successful BMI research will often draw
on and contribute to computer science, but it may also be closely related to the decision sciences
(probability theory, decision analysis, or the psychology of human problem-solving), to
cognitive science, to information sciences, or to the management sciences. Furthermore, a BMI
researcher will be tightly linked to some underlying problem from the real world of health or
biomedicine.
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Entering the post-genomics era a new challenging mission is posted: to bring innovative
biomedical research findings directly to the clinics and the patient bedside. Recent and
forthcoming developments in genomics and the increased importance of genetics in healthcare
are already changing clinical care (e.g., sequencing and genotyping is being established as a
laboratory routine in many healthcare systems and enterprises begin to enrich their service
offering, such as providing analysis for health related genomic information). The mission could
be accomplished by intersecting the clinical, biological and information sciences—an enterprise
being inspired by the vision of genomic and personalised medicine, targeting the in-silico
biology domain, and enabled by the transition to interdisciplinary principles and endeavours. It
is a transition to translational research guided by the "-omics" revolution as realised by advances
in transcriptomics, proteomics, metabolomics, physiomics, etc.
In such a multidisciplinary environment, genomic medicine and clinical decision making calls
for the integration of complex clinico-genomic data and information resources. Genomic and
genetic information is part of patient profile and may suggest predisposition of the individual
toward disease manifestation (diagnosis and prognosis). On the other hand, analysis on the omics levels extends traditional clinical data models. Thus medical decision-making extends in
two sides: on the one side to include genotypes, and on the other to include (when appropriate)
clinical findings —the phenotypes. Yet integration is not easy simply because at both ends
(genotype, phenotype) the amount of available data is immense, and complexity of processes is
high. At the upstream (or research) level scientists may be interested in the investigation
between genotype-phenotype information to form associations and patterns of disease and
susceptibility indices. At the downstream, healthcare professionals (and patients as well) look
forward to identify and apply reliable “-omics” findings in their diagnostic and prognostic
routines on the vision of continuously improving social welfare decision making.
In this setting, the fundamental target of BMI endeavours should be forwarded towards the
formation and setting of an integrated clinico-genomic decision making framework that targets
the identification and validation of predictive clinico-genomic models and disease biomarkers.
The framework is to be utilised in the course of clinical research trials and respective decisionmaking processes, and founded on the seamless integration of both heterogeneous clinicogenomic data sources and advanced analytical techniques. Furthermore, alignment of the
framework with biomedical researchers’ (clinicians, molecular biologists) needs, expertise and
practices should be also tackled.
Medical decision-making
Medical decision making can be considered as a process of making choices (in diagnosing and
treatment in medicine and health care) in order to improve health outcomes. It integrates both
clinical decision making and policy-formation in health care.
Mainly this process absorbs medical and health data of a patient from distinct information
categories, such as patient history, clinical examination and laboratory test results. In using
these sources of data order is very important. History comes first and clinical examination
comes second. Patient history and clinical examination support hypothesis generation.
Laboratory testing provides additional evidence that leads to hypothesis acceptance or rejection
or to the quest for further testing.
Medical tasks include diagnosis (converting a set of symptoms into a valid medical problem
formulation), therapy planning (to prescribe a procedure to remove the medical problem or to
decrease adverse effects on the patient) and monitoring (follow-up progress of therapy and, if
necessary, steer therapeutic effort on course).
Medical decision-making is a hierarchical procedure: from the genomic or gene sequence level
to the physiological system and to the patient as a whole (Blois, 1988; Martin-Sanchez et al,
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2004). The process model of Figure 9 represents a core formulation for medical reasoning and
decision-making and suggests a conceptual scheme that includes all elements and dimension
involved in the making of a medical decision. Process should be steered by medical guidelines
(such as protocols) to ensure use of best available evidence and practice; hence the presence of
“Medical guidelines” on the top of diagram. Guidelines drive the capture of history and clinical
investigation and altogether drive laboratory examination and assessment.

Figure 9 - Medical decision-making at a glance. Patient history drives clinical investigation and
laboratory investigation and consequently laboratory findings. Clinical investigation and laboratory
findings are employed to make a medical decision. The presence of medical guidelines on top of the
process implies that all steps should be done with due respect to formal protocol practice and make use
of the best available evidence (Evidence Based Medicine, or EBM practice). Medical decision may
relate to either diagnosis, to therapy planning, to patient monitoring, or to prevention. Genotype
profiling and bio-molecular analysis (such micro-array data analysis) are part of the laboratory
investigation and findings frontier. The entire process is [or should be] governed by explicit medical
guidelines. (Taken from Charissis et al 2009).

Medical context, facilities and personnel affect decision-making. Context relates to the specifics
of the point of health-care delivery (private practice, hospital unit, etc). Facilities influence the
means that are available to support delivery of service – means include ICT. Finally, personnel
relates to medical, nursing, paramedical, and other professionals who are involved in health-care
delivery.
Hospital Information Systems
As the biggest health institutions, which handle huge amount of health and other data, hospitals
started very early developing health information system, so called Hospital Information System
(HIS). In the early 1960s’, HIS have been developed to support administrative and medical
functions, but they mainly focused on billing and reimbursement with an administrative-centric
point of view without adding value to clinical care. In the 1980s’ the focus was changed towards
improving standards of quality of care and decision-making, but still the objective was not
achieved and healthcare rising costs became a significant problem. In the 1990s’, the need to
reduce healthcare expenditure powered the creation of clinical information systems that might
help physicians in their daily care activities and that could integrate resources consumption and
allocation. Currently the focus of HIS is on clinical data, so the clinical perspective and
electronic health records play an important role (Reichertz 2006, Teich 1998).
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Any effective clinically oriented HIS (with a number of subsystems like PACS, LIS, DSS, etc.)
should be based on the EHR system. The core of EHR system functionality of HIS includes 3 :
1.
2.
3.
4.
5.
6.
7.
8.

Health information and data
Results management (e.g. laboratory test results, radiology, pathology etc.)
Order entry/management
Decision support management (e.g. prescribing support, clinical protocols, etc.)
Electronic communication and connectivity (among health care team partners)
Patient support (like patient education)
Administrative processes
Reporting & population health

There are numerous examples of HIS in Europe. To name a few, in the Netherlands, a HIS was
created by means of a sponsored project by Leiden University Hospital and in Switzerland,
DIOGENE, the HIS of Geneva University Hospital has been constantly evolving, currently
providing all relevant information for helping healthcare providers to take the most appropriate
adequate decision (Bakker and Leguit 1999, Borst et al 1999).
The major component that glues all ICT components together is the Electronic Health Record
(EHR). All information that is relevant to clinical inquiry, decisions, laboratory results and the
like is (or should be) encoded on the EHR. For instance, members of the consortium early
suggested (Potamias et al, 2000) a concrete architecture, which enables life-long recording of
patient information and integration of the EHR with other ICT components leading to the
formulation of the I-EHR concept, namely to the Integrated EHR.
In this regard, the US administration has recently launched a billionary initiative to improve
health technologies, and particularly to provide the basis for a standardized EHR in the USA
(Blumenthal, 2010). In Europe, there have been various initiatives to create common platforms
and standards. For instance, Smart Open Services for European Patients - epSOS, (previously
known as S.O.S. - "Smart Open Services", an Open eHealth initiative for a large scale European
pilot of patient summary and electronic prescription) is a Europe-wide project organized by 27
beneficiaries representing twelve EU-member states, including ministries of health, national
competence centres and numerous companies 4 .
Regional Health Information Organization
The need to develop coherent health-care delivery practices (along the conceptual borderlines
indicated in figure 8) has led to the formation of federated structures, such as Regional HealthCare Systems and incorporation of informatics into these federations has contributed to the
formation of a new emphasis and corresponding term: Regional Health Information
Organization (RHIO). With RHIO, eHealth became a common reference for health information
systems with emphasis now being placed on information and data exchange conceived to
represent a critical parameter to the delivery of quality patient care services and to the
advancement of healthcare organization effectiveness. The benefits of appropriate sharing of
health information among patients, physicians, and other authorized participants in the
healthcare delivery value chain, are nearly universally understood and desired. However, few
organizations and systems have taken advantage of the full potential of the current state of the
art in computer science and health informatics. RHIO exemplar architectures, system

3

Key capabilities of the EHR system, available from http://www.providersedge.com/ehdocs/
ehr_articles/Key_Capabilities_of_an_EHR_System.pdf
4
http://www.epsos.eu/
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implementations, and initiatives focused on the areas of technology, interoperability, standards
utilization, harmonization, and business information.
Concrete RHIO examples include, among others, the HygeiaNet at Crete, Greece, and
FURTHeR at Utah, USA. HYGEIAnet is the outcome of a systematic effort toward the design,
development and deployment of advanced eHealth services at various levels of the healthcare
hierarchy, including primary care, pre-hospital health emergency management, and hospital
care. Specifically, eHealth services for timely and effective patient management are routinely
used in pre-hospital emergency services, in supporting the synchronous and asynchronous
collaboration between medical professionals in Primary Healthcare Facilities and specialists at
the two major hospitals at Crete. eHealth services within HYGEIAnet have been offered since
December 2001 to many diverse user groups, including healthcare professionals and various
categories of patients.
FURTHeR stands for the Federated Utah Research and Translational Health electronic
Repository. It is a federated system based on (web) Service Oriented Architectures and uses
Grid Computing to support continuing existence of legacy applications and a strong security
model. The federation allows distributed and federated database access and enables multidirectional data exchange.
3.1.3. BMI and converging disciplines
As stated before, BMI is not a “stand alone” field (yet almost no scientific field today can be
seen as such) and thus it should be seen as part of the global health-care environment.
Thus, BMI can play a key role in becoming the integrator agent of the separate domains. Figure
10 displays elements to be integrated via BMI, which is placed at the centre. On the one side it
connects with RHIO and on the other side it connects with global information sources and
services. RHIO includes HIS, specialized medical information systems and services. Global
resources include information about drugs, genome browsers and all components of genomic
medicine.

Figure 10 - BMI in context of integrating various aspects related to health-care
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The new genome-based technologies and bioinformatics tools offer tremendous power for
revolutionizing the diagnosis and therapy in human diseases. Genome-based new evidences,
made accessible to clinicians and health professionals, will facilitate robust, accurate and
individualized health care narrowing down to small patient population groups. Future clinicians
and health professionals will need to be equipped with knowledge and skills in applying a broad
range of genomic-based diagnostic and therapeutic tools. The transition from current ‘evidencebased’ approach to genomic-based approach is expected to lead towards Genomic Medicine.
Recent advances in genome oriented methods and technologies have resulted in an explosion of
information and knowledge about diseases and their treatment. As a result, our ability to
characterize, understand and cope with the various forms of diseases will need to grow up.
In this context, new approaches in the biomedical field have the tendency to study the whole
system as opposed to look into the details of a single molecule or cell. This new approach has
given rise to Systems Biology—a highly interdisciplinary approach that targets the biological
complexity of health and/or diseased living organisms. Central to the system biology approach
is the integration of a vast amount of distributed and heterogeneous clinical and genomic
information and data sources.
In this new context, the extraction, sharing and analysis of large quantities of heterogeneous
clinico-genomic data and information sources are of paramount importance for the production
of meaningful conclusions and the formation of reliable and useful biomedical knowledge.
The issue fleshes out the role of BMI in bridging various disciplines, putting them to work
together, to understand each other and to create a forum of questions and answers. Common
understanding is crucial since advances in BI may lead to generation of alternative
pharmaceuticals targeted to personalized treatment or to pharmaceuticals based on nanomaterials and procedures at the nano-level.
Links between RHIO, global information resources and consumer health informatics are meant
to emphasize that BMI should bridge all. This is likely to evolve as a demanding task. We said
earlier that BI and MI have, so far, taken different paths. This also means that, for instance, at
the BI level information system tools are well developed and carry an «open» attitude. There are
many public databases available for researchers. We can consider various examples, such as, for
instance:
1. GenBank 5 - the NIH genetic sequence database, an annotated collection of all publicly
available DNA sequences (Benson et al, 2008). There are approximately
106,533,156,756 bases in 108,431,692 sequence records in the traditional GenBank
divisions and 148,165,117,763 bases in 48,443,067 sequence records in the WGS
division as of August 2009.
2. Swis-Prot 6 - a manually maintained biological database of protein sequences. SwissProt strives to provide reliable protein sequences associated with a high level of
annotation (such as the description of the function of a protein, its domains structure,
post-translational modifications, variants, etc.), a minimal level of redundancy and high
level of integration with other databases.
3. Exon-Intron 7 database (Saxonov et al, 2000) - The database was created to assist in
gene prediction research; we have constructed an Exon–Intron Database (EID) in
FASTA format. Currently, the database is derived from GenBank release 112, and it
contains 51 289 protein-coding genes (287 209 exons) that harbor introns, along with
extensive descriptions of each gene and its DNA and protein sequences, as well as
splice motif information.
5

http://www.ncbi.nlm.nih.giv/GenBank
http://www.ebi.ac.uk/uniprot/
7
http://nar.oxfordjournals.org/cgi/content/ abstract/28/1/185
6
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4. IMGT 8 - it is a high-quality integrated knowledge resource specialized in the
immunoglobulins (IG), T cell receptors (TR), major histocompatibility complex
(MHC), immunoglobulin superfamily (IgSF), major histocompatibility complex
superfamily (MhcSF) and related proteins of the immune system (RPI) of human and
other vertebrate species, created in 1989 by Marie-Paule Lefranc (Université
Montpellier 2, CNRS).
On the other side TrialDB 9 is one of the few MI realm databases, which is publicly available.
TrialDB is a customizable Web-based clinical trials database system used for the storage and
management of clinical data. It relies on a rich data library that contains information about
individual data elements (parameters, typically clinical facts about patients) and their higherorder grouping. The library is used to generate case report forms (CRF) as Web pages, and
records both information used to interactively validate the contents of the CRF as well as
specify how individual elements in the CRF are presented to the user.
This generic, open-source Clinical Study Data Management System (CSDMS) is available for
use in two ways:
1. Open Source Solution. While copyrighted by its creators and developers, TrialDB is
freely available under the GNU General Public License. Study managers can download
TrialDB and setup the CSDMS locally.
2. Yale TrialDB Team Solution. The Yale TrialDB Support Team can be contracted to
design and implement studies; and the Yale TrialDB installation can house data.
In such context, it should be considered future integration of genomic profile data (SNP,
sequence etc) with clinical especially TrialDB.
A major difference between MI and BI, that is, there a few consequential shared national
clinical databases (the latter being a MI product). On the other hand, despite proliferation of BI
domain databases and their availability on a global basis, BI suffers from chaotic ontology and
data representation.
BI has not yet had the opportunity as much as MI to have an impact on clinical practice. On the
MI side several efforts are recorded; however, engagement of even MI in clinical practice has
been slow. Clinical decision making presents intrinsic difficulties (Maojo et al, 2002) while MI
itself still suffers from gaps in: standardized vocabulary, definition and representation of errors,
noise and contextual noise, privacy, cost of data acquisition and extraction of knowledge from
data, to name but a few. In addition, distinction between data, information or knowledge is
frequently unclear, data are often hidden in all kinds of places, consistency is doubtful simply
because integration lines do not work, documentation is hard to find and access to sources is
even harder at times.
BI, on the other hand suffers from the same barriers. However, because the fields of
specialization across its sub-domains are deep, researchers have not been worried until now
about these problems, and in addition the level of demand of BI products / results by clinicians
has not been pressing. Nevertheless the explosion of interest and preliminary results in
translational medicine now promises to change the situation. The NIH-funded CTSA
Consortium in the USA is a leading driver for these activities and two workshops organized by
AMIA have begun to address the new challenges faced by BMI in translational medicine. The
AMIA Summit on Translational Science is a set of two joined conferences held in the same

8
9

http://www.imgt.org
http://ycmi.med.yale.edu/trialdb
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venue with each focused exclusively on translational Bioinformatics 10 and clinical research
informatics 11 .
The integration between BI and MI is likely to benefit both. BI investigations support genetic
variation, the possibility of tailoring treatment of disease according to patient genetic makeup,
etc.; however, potential will not be harnessed if these (and many more) findings do not mold in
the EHR. In this regard, translational research may lead to obtain new clinical applications from
basic biological research.
Evidence based translational research
Choosing and following the appropriate treatment for patients, and following the most suitable
therapeutic protocol is bounded by the available scientific evidence as rationalized by the socalled evidence-based medicine practice (EBM). EBM surely depends on the vigor of
translational research - translation of new information from research bench to bedside. But, it is
known that several promising basic and clinical science discoveries are ‘lost in translation’
(Lenfrant, 2003; Contopoulos-Ioannidis et al, 2003). So, it is more than critical to properly
manage translational research processes so that relevant findings and results, accompanied with
their clinical relevance and applicability, are appropriately and timely delivered. The whole
process could be realized by: (a) moving bench-side scientific discoveries into candidate clinical
application (e.g., genetic tests); and (b) bench-side research evaluates the clinical application,
provides the appropriate evidence-based guidelines and move them into clinical practice by
timely disseminating and diffusing findings and results (Khoury et al, 2007).
A general EBM scheme includes the following steps:
(i) Recognition and identification of the clinical problem, including the involved clinical
tasks (e.g., differential diagnosis, selection of appropriate diagnostic tests and therapy),
and subsequent formulation of relevant clinical questions;
(ii) Literature search for the most relevant (to the case at hand and formulated questions)
best-clinical guidelines, protocols and practices followed by ‘personal validation’ based
on the clinical applicability and justification of reported findings and results—e.g.,
systematic reviews are more important that simple case reports (Rosenberg and Donald,
1995).
The exemplified EBM scheme is strongly influenced by two critical factors that make the
involved clinical decision-making tasks to unfold into really complex processes: the gap
between medical research and clinical practice—most of the available information is unsuitable
for clinical decision-making due to lack of validity and applicability; and the information
outstrip resulted from the continuous and rapid proliferation, poor organization, and quickly
outdated resources.
It should be clear that scientific discoveries, knowledge and ‘available evidence’ derives mainly
from randomized (double-blinded and/or retrospective) clinical trials with published metaanalysis findings and results providing the most justified—in terms of epidemiological and biostatistical concepts, evidence (Hampton, 2000). The need is to commonly share and exchange
updated information, data and knowledge towards the development of new knowledge.
Predictive clinical-genomics
It has been described that many diseases appear when there is a lack of adaptation between the
environment and the genetic capacity of the individual.

10
11

http://summit2010.amia.org/
http://crisummit2010.amia.org/
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The approach that predictive clinical-genomics regarding healthcare proposes is the use of the
knowledge provided by individual's genetic characteristics to identify those that are at a higher
risk to develop certain diseases. Thus, it would be possible to intervene at an earlier stage to
prevent them or treat them earlier. This new discipline allows the identification of those patients
who carry alleles that increase their susceptibility to diseases like cancer and heart disease.
(Hall, 2009)
For the future development of predictive clinical genomics there is a need of tools integrated in
healthcare systems that evaluate risk assessment and history of family health within a clinical
decision support system that can help in predict the risk of acquiring an specific disease
(Ginsburg, 2009).
In order to clarify the proposed approach and scenario we focus on the breast cancer domain.
Scenario: Filtering & Targeting clinical-genomic profiles. With a Web-based mediation
service the clinical researchers access the EHR data-resources and acquire respective data that
meet specific profiles with respect to the patients’ age, lymph-node and estrogen-receptor status
(both are critical BRCA prognostic factors). For the same patients, and from the respective
EGIS resources, the researchers acquire gene-expression and genotype/SNP profiles that target
specific molecular mechanisms and genomic-regions, e.g., genes and SNPs involved in specific
molecular pathways. The last operation is to be enabled by reference to worldwide established
genomic information resources, e.g., KEGG 12 (Kyoto Encyclopedia of Genes and Genomes);
Ensembl/ Biomart 13 (genome browser); NCBI 14 (National Center for Biotechnology
Information) etc., by utilizing the provided Web-services and APIs. The key issue here is to
accommodate and appropriately customise and operationalise standard clinical and genomic
information models in order to seamlessly integrate data from the disparate clinical and
genomic/genetic.
Mining Clinico-Genomic Data. The output from step-1 is subject knowledge discovery
processes and feed appropriately customised data-mining operations, e.g., clustering, featureselection and classification, statistical survival analysis etc. Data pre-processing is applied in
order to bring the data into formats suitable to specific data-mining algorithms. The different
data (patients’ clinical, gene-expression and SNP profiles) could be mined separately. As an
example, assume that the target decision variable is the relapse/no-relapse status of targeted
patients. Then, the mining process results into respective clinical, gene and SNP prognostic (i.e.,
relapse vs. no-relapse) biomarkers that could be combined into predictive prognostic markers by
applying hybrid knowledge discovery operations; for example, informative and discriminant
clusters of genes and SNPs (resulted by applying clustering operations on the respective geneexpression and SNP profiles) could be treated as meta-features that could be aggregated with
the original clinical-histology data in order to form informative and predictive clinical-genomic
prognostic models (i.e., decision-trees/rules, support-vectors etc).
Validation & Sorting-Out. The resulted clinical-genomic models and biomarkers are subject to
validation in order to serve as realistic and reliable predictive prognostic models. Here the
utilization of biomedical literature mining could be applied in order to identify relevant
published results that support the induced models, e.g., correlations between gene, SNPs and
diseases—for example the OMIM 15 (Online Mendelian Inheritance in Man) summary text-
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See http://www.genome.jp/kegg/ and http://www.genome.jp/kegg/soap/
See http://www.ensembl.org/info/data/intro.html
14
See http://www.ncbi.nlm.nih.gov/About/tools/index.html
15
OMIM is a comprehensive, authoritative, and timely compendium of human genes and genetic phenotypes. The
full-text, referenced overviews in OMIM contain information on all known mendelian disorders and over 12,000
genes. OMIM focuses on the relationship between phenotype and genotype. It is updated daily, and the entries
contain copious links to other genetics resources.
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references as well as the HGVbaseG2P 16 (The Human Genome Variation database of
Genotype-to-Phenotype information) databank could serve the specific needs. Moreover, and in
order to further validate and sort-out the induced clinical-genomic models, the engaged genes
and SNPs could be mapped onto known and established molecular pathways (regulatory gene
and/or metabolic networks) so that putative disease status (i.e., relapse vs. no-relapse)
mechanisms are uncovered.
Fundamental to the realization of the presented scenario is the utilization of standard clinical
and genomic ontology, information and data models in order to seamlessly integrate disparate
and distributed clinical-genomic information and sources, e.g., SNOMED and UMLS clinical
ontologies and nomenclatures; HL7 for interoperability in clinical information systems –
accompanied with standard HL7/genomic data models; GO—gene ontology, MAGEML/MIAME (minimum information about Microarray Experiments) microarray data model;
KGML - a standard XML schema for molecular pathways; Genotype-to-Phenotype information
and data models like PaTO etc.
Furthermore, central to the scenario is the concept of EHRs. As it is stated in an enlightening
paper by Jane Grimson “It seems reasonable to suppose that over the next 5–10 years, there will
be two major drivers affecting the development of EHCRs (Electronic Health Care Records),
namely the Internet and Genetic Medicine” (Grimson, 2001). Practitioners for routine patient
care are increasingly using the EHR, as EHRs contain an increasing amount of coded, structured
data. Although genetic data are beginning to be included in EHRs, current records have not been
designed to include specific requirements for representing genetic data. As a result, genetic data
are typically recorded as ‘laboratory data’. Consequently, the use of the data is limited (e.g.,
family relationships are often recorded only minimally, limiting the possibilities for studying
relationships among the diverse phenotypes). Specialized protocols will be needed to transform
and filter the data in the record ensuring that appropriate ethical, security and confidentiality
constraints are observed, and to characterize the quality of the data. Specific provision may be
required over and above what is normally included in a healthcare record used to support direct
patient care to enrich the record with appropriate metadata.
The CGRA proof-of-concept use-case scenario builds around the following advanced ICT
interconnected components, systems and services:
x

Organization and management of information-flow in clinical-genomic research. A
module, founded on scientific-workflows technology to be enabled by interoperable
components (e.g., Web-Services), based on standard data and information access
mechanisms, to accommodate the needed access control policies.

x

Alignment and linkage of standard clinical records with clinical-genomic via the
customization and deployment of the appropriate semantic interfaces, metadata and
mediators to seamlessly exchange and interrogate relevant information, data and knowledge
repositories. It is an endeavour that extends the scope of EHR to the genomics domain and
towards the concept of ‘living’ and ‘active’ EHRs. The envisioned active EHR has the
potential to provide high quality population-based records for clinical research and trials,
epidemiology and post-genomic research. Here the key-role is placed on the appropriate
utilization of standard clinical and genomic ontologies and nomenclatures to provide for the
needed interoperability.

x

Knowledge Discovery suite for the processing and analysis of combined clinicalgenomic data. A module based on the Web-Services deployment of advanced data-mining
operations in order to achieve interoperability between the various analytical tools and
services. Between other, we envisage an advanced knowledge discovery application that
will serve the discovery of ‘interesting’ associations between clinical and genomic

16

HGVbaseG2P provides a centralized compilation of summary level findings from genetic association studies
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observations in order to improve the predictive-power of clinical-genomic findings, e.g.,
how the predictive-power of standard biochemical measurements is improved if it is
coupled with the specific patients’ genomic-profiles? Keeping such associations ‘alive’,
during on-going clinical-trials and as new patients are enrolled or new genomic-profiles are
acquired, their predictive-power may vary. These variations not only present indications that
may support the entailed decision-making tasks (by providing the appropriate evidence), but
also may suggest more indicative routes for trial itself (e.g., focus the trial on specific
populations).
x

Biomedical Literature Compiler to ‘orient’ and ‘guide’ the design of clinical-genomic
trials as well as to offer continuous justification to the trial findings. A module to be
founded on the customization of advanced text-mining technology (techniques, tools,
systems and services) and their operational capacity via the deployment of respective WebServices.

3.2. Towards Openness in Biomedical Informatics 17
3.2.1. Sharing
Available information about Medical Informatics (MI) and Biomedical Informatics (BI)
resources has grown exponentially over the past few years. The interest in these fields is
leading research groups to produce new materials that can be shared with the rest of the
scientific community. To cope with this rapid growth, it is important to approach the collection
of information and tools using automatic methods.
The Human Genome Project —and later, other -omics projects— strengthened the trend
towards collaborative links among remote institutions that share software tools and data across
remote sites. In contrast, most clinical information databases are not openly accessible due to
confidentiality and privacy issues involving restricted patient information. There is a long list of
open-source software tools already available, for tasks like e-learning, in many disciplines
including medicine. In biology, examples are BioLogica (for genetics) and Dynamica (for
kynematics). In medicine, there are proposals for a Medical Wikipedia and various public
sources of medical images. Pubmed is the on-line, free access to Medline, a basic bibliographic
reference for biomedical researchers and professionals. Medline was a pay-per-service resource
for various decades, which became freely available for the biomedical community in the 1990’s,
having an enormous impact in biomedical research, education and practice.
Different Web technologies have been proposed for accessing and sharing remote
heterogeneous information. In a recent publication (de la Calle et al., 2009), in which members
of the ACTION Grid consortium at the UPM have proposed a new method to deal with this
challenge, we have earlier reviewed several indexes of bioinformatics resources, currently
available over the Internet. For instance, BioPortal (Musen et al., 2008) is a web-based
repository of biomedical ontology resources, developed through the US National Center for
Biomedical Ontology 18 . This application supports collaborative development of biomedical
ontologies. BioPortal includes, among others, the Open Biomedical Resources (OBR) service
for annotating and indexing biomedical resources. Resources are annotated by using concepts
from a domain ontology. Other examples of such indexes include the Bioinformatics Links
Directory (BLD) 19 —a catalogue of links to bioinformatics resources, tools and databases
17

This section is based on contents extracted from a Technical Report elaborated at the UPM (Maojo, V.
Open source systems in Biomedical Informatics: challenges for advanced and developing countries in the
context of the Web 2.0. Biomedical Informatics Group. UPM. ©2010).
18
The National Center for Biomedical Ontology: http:// www.bioontology.org/
19
Bioinformatics Links Directory: http://bioinformatics.ca/links_directory/
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classified into eleven major categories— where resources can be searched using keyword-based
queries. —a catalogue of links to bioinformatics resources, tools and databases classified into
eleven major categories— where resources can be searched using keyword-based queries. The
European Bioinformatics Institute (EBI) provides a searchable index of an alphabetically-sorted
inventory of bioinformatics resources 20 . Resources are classified according to the type of
service they provide—like databases, tools and (web) services. The index includes both internal
and external resources. A consortium composed of the seven US National Centers for
Biomedical Computing has recently developed another index of bioinformatics resources called
iTools (Dinov et al., 2008). Web services are used here to provide access to resources that are
annotated according to their functionality. A web-based interface enables researchers to locate
the resources they need using advanced search and visual navigation tools.
As shown by these references, during the last years Web-based repositories of bioinformatics
resources have been built to facilitate their access to researchers in the area. Until now, these
systems have been developed and updated manually. In this regard, our consortium proposed a
new method, recently reported in a major scientific journal and conference (De la Calle et al.,
2008), to automate this process and use it in ACTION Grid. In the space of ACTION Grid and
its sequels, informatics tools will then become available for the biomedical community and
interoperable in actual research scenarios related to the VPH. We must remind that EC funds
have led, in many projects, to results that are openly available to the scientific community.
We describe below the fundamentals of this method, based on early research carried out by one
of our partners in the ACTION Grid consortium.
BIRI (BioInformatics Resource Inventory) is a web application that allows users to search for
bioinformatics resources (tools, frameworks, repositories, etc). Searches can be filtered by
resource name, category or domain. Resources are classified according to a taxonomy of 9
domains and 28 categories. Domains represent the area of influence/application of resources—
e.g. DNA, RNA or proteins—and categories denote the resource functionality or type—e.g.
annotate, analyze or database. That taxonomy is based on other existing classifications such as
the Bioinformatics Links Directory. A novel methodology has been developed to create the
BIRI repository from the scientific literature based on Natural Language Processing (NLP) and
Artificial Intelligence techniques. These methodologies allow retrieving, discovering and
indexing resources automatically from manuscripts published in specialized journals in the
bioinformatics domain. Extracting information from published papers guarantees that only
relevant and peer-reviewed resources are indexed. Name, functionality and URL of the
resources are directly extracted from the text (title and abstract). Additionally, resources are
automatically annotated with one or several categories and domains according to the BIRI
taxonomy, depending on the textual description contained in the manuscript.
The methodology used to create the BIRI repository consists of five main phases:
1)
2)
3)
4)
5)

Manuscript selection & surrogate generation.
Surrogate pre-processing.
Information extraction.
Resources classification.
Curation.

The BIRI approach presents several advantages over similar existing indexes: i) discovery and
classification of resources is performed automatically, ii) the repository of resources can be
updated by just feeding the system with new papers, iii) additional information sources might be
used such as PubMed or Google Scholar, and iv) advanced search capabilities are provided
through the web interface. Given the general methodology used in BIRI, a similar approach
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33

might be applied in other domains. Currently, some tasks, besides the automatic method, must
be carried out, such as manuscript selection, taxonomy creation or final curation.
However, whereas sharing data and software tools is frequent in Bioinformatics, Medical
Informatics is a discipline where there is an ongoing, long debate about medical Open Source
Systems (OSS). For instance, within the mailing lists of the American Medical Informatics
Association (AMIA), there are frequent debates about this issue. Controversial issues include
patient data privacy and confidentiality, industrial strategies, coping with ancillary systems, etc.
One future realistic possibility is to have a pool of medical software systems which can be used
on demand, and paid per use. Professionals can access these tools, use them and decide if they
want to continue working with them. Such a scenario, proposed by Mandl and Kohane from
Harvard, needs a platform and an infrastructure to become feasible (Mandl and Kohane, 2009).
This area of Open Source will surely become a hot topic in the coming years in the area of MIS,
particularly in the context of the Web 2.0.
3.2.2. Web 2.0 and 3.0
The Web 2.0 has evolved from a previous version, now named Web 1.0. Over the past ten
years, the idea of interactivity went from linking and clicking documents to creating and
sharing. It is in this context that the Web 2.0 has been proposed to provide new technological
opportunities for understanding multiculturality. People are able to work simultaneously in
different groups, adapting lessons learned by themselves or other groups. Below is a summary
of the differences:
Table 3 - Differences between the Web 1.0 and Web 2.0

Web 1.0

Web 2.0

Application-based

Web-based

Isolated

Collaborative

Offline

Online

Licensed or purchased

Free

Single creator

Multiple collaborators

Proprietary code

Open source

Copyrighted contents

Shared contents

Although the use of the WWW is commonly related to searching for information, this new Web
2.0 infrastructure has enormous potential for developers and practitioners. Medical digital
libraries, distributed medical records or Geographical Information Systems for medical issues
—like Google maps used to graphically represent the expansion of pandemias— are among the
envisioned applications to be collaboratively developed and used by health professionals. While
physicians were the initial targets and users of Web-based medical applications, patients are also
demanding new applications to improve the quality of medical care. Using the Web, they aim to
access second medical opinions, find personalized advice or contact their physicians or other
patients directly. A new version of the WWW, called the Semantic Web —or Web 3.0—
emphasizes the use of semantic-based technologies for organizing and structuring the Web by
means of ontology-related technologies. Such a new approach facilitates tasks such as
information storage, retrieval or mining. The consortium has also a long experience in
developing such semantic-based technologies (Alonso-Calvo et al., 2007; Perez-Rey et al.,
2006).
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3.2.3. Importance of Medical Information Systems for developing countries
Within ACTION-Grid, we have carried out an analysis of activities related to BMI in Africa.
For this work, collaboration from an expert from Egypt, Dr. Rada Hussein, has been a key
factor. An analysis of the literature made by means of the resourceome, combined with manual
Medline and Google searches, has suggested that there are enormous opportunities for
transferring results from many previous EU research projects in BMI to African locations for
improving medical practice and research. We have to remind that, in the ICT for Health area of
the EC, there have been few contacts with African BMI professionals. Thus, there is a great
room for improvement.

Figure 11 - Members of UPM teaching computer science to young students in Burundi

Global health has experienced significant developments, but efforts for cooperation must
increase. Countries like China and others have largely improved their health indicators, recently,
compared to rich countries, where inequalities can still be found. Ageing of populations shows
clearly such changes, indicating an improvement in public health and care. In this context,
institutions such as WHO have established priorities for improving global health over various
decades. These priorities depend on accurate numbers and estimations extracted from public
health systems, which are still largely unknown in many African countries. In these cases, the
need for implement cost-effective actions is quite clear. The potential for improvement is also
great and may depend largely on accurate information.
3.2.4. Costs of medical technology: Information systems
Research on medical technology has had an enormous impact on medicine. In fact, it has been
usually considered that one of the most significant issues defining modern medicine is the
advance of medical technologies. Within these technologies, we will focus on medical
information systems.
In 2002, a survey carried out at the Health Affairs journal among 225 medical internists did not
consider the use of computers in medicine among the 30 most significant medical innovations
of the last decades. Nevertheless, a few years later, another survey carried out over Internet by
the British Medical Journal ranked the use of computers in medicine in the 10th place among the
most significant advances in medicine since the journal was created in 1840.
Table 4 - An extract of the results of the British Medical Journal survey in 2007

Sanitation

15.8

Antibiotics

14.5
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Anesthesia

13.9

Vaccines

11.8

Discovery of DNA structure

8.8

Germ theory

7.4

Oral contraceptive pill

7.4

Evidence-based medicine

5.6

Medical imaging

4.2

Computers in medicine

3.6

Although these kinds of surveys should be carefully considered, this last result may indicate a
significant shift in the consideration of the use of computers in medicine.
In fact, if we consider the time that medical professionals dedicate to information managementrelated tasks, it has been earlier observed —as soon as in 1966— that these rates are quite large,
ranging from 95% for medical records professionals to 28% for laboratory workers. For
physicians, these rates ranged from 30 to 36%. Since this survey was carried out in 1966, it can
be hypothesized that time dedicated to these tasks may be quite higher now. Thus, information
management is already assumed to be a fundamental component of modern medical practice.
As stated previously, the area of biomedical computing has been in place —from a scientific
perspective, following historical remembrances—, since 1959. During the 1960s and 1970s
many medical information systems were built mostly in the USA, Europe and Japan in areas
and topics such as computerized medical records, HIS, bibliographic systems —being surely
Medline the information-related computerized system that achieved a larger impact in all
aspects of medicine—, radiology systems, standardization, decision support programs,
laboratory systems and others. At its inception, costs for those computers and software systems
were very high and only a few hospitals could afford them. Later, after 1980, the introduction of
personal computers helped to expand the number of computers and users outside hospitals while
costs dramatically reduced for computer hardware. The introduction of the WWW opened up a
new world of possibilities, which we are still beginning to foresee in spite of so many
achievements already made.
Continuous improvement of medical information systems has also caused an additional burden
on financial budgets on top medical institutions, enlarging the differences among health care
settings and among healthcare users —also in such advanced countries like the USA.
Nevertheless, there are several aspects that can be considered, regarding medical information
systems, which will surely have a positive effect in terms of cost control contention —a process
which seems to have already began:
1. Medical Information systems development has reached a level of stability that allows
the acceptance of many —current or “de facto”— standards by academics and industry
—e.g., HL7, DICOM, UMLS, Web components, etc—, facilitating systems
interoperability and components’ reuse.

36

2. Costs and size of computer hardware have been continuously going down for various
decades. Currently, a 20 euro pen-drive can store much more data than heavy storage
juke-boxes 15 years ago, at lower than a 1% price and size. Plans to market personal
computers in developing countries at a price below 100$ have been proposed for several
years.
3. There is an increasing culture of developing open-source software systems and data
sharing that have pervaded related disciplines such as genomics and bioinformatics,
allowing many “-omics” projects to be completed before schedule. At the same time,
there are many public databases offering free gene, protein and disease information to
the scientific community.The completion of the Human Genome Project before
schedule, due to collaborative efforts and data and software sharing among researchers
all over the world, triggered the development of numerous publicly available databases
containing gene, protein and disease as well as bioinformatics tools. This number is
continuously increasing and it is now over 1300 public databases. Security,
confidentiality and ownership rights have prevented to reach similar importance and
numbers in medicine but an increasing culture of sharing data and software tools as
wells as the development of techniques for issues such as realiable anonymization
techniques for managing patient data could help to expand it. In this regard, an
interesting trend is to store these databases using cloud computing techniques. For
instance, Amazon is providing free storage for some publicly available scientific
databases in the genomics area.
3.2.5. The explosion of medical information
The development of the World Wide Web has configured a new scenario where people
exchange huge amounts of information in all domains. The success of the World Wide Web
after 1990 —what could be called the Web 1.0, as mentioned above— caused an explosion of
the amount of biomedical information available for practitioners and researchers, and also for
patients and public in general. An enormous amount of biomedical information, never seen
before, has been available for health practice, policy-making and research.
The expansion of the WWW over the last 15 years has also facilitated a shift from the Web 1.0
towards updated Web versions that have been named Web 2.0 and 3.0. In fact, what has been
called Web 2.0 does not mean new technological methods or variations from the previous
version but a new vision of “social” networking, enhancing participation of people with related
interests. Rather than technological advances is the willingness to exchange and share
information that is at the basis of moving the Web from the 1.0 version to 2.0.
Whereas users were only able to read the contents of Websites based on the Web 1.0 model,
they can actively publish, disseminate and exchange different kinds of contents in the Web 2.0.
Examples include blogs and wikis. The wikipedia is an excellent example that has changed the
way enciclopedias were conceived since the XVIII century. There are initiatives to build
numerous medical Wikis in the biomedical area, like WikiProtein, Gene Wiki or a Wiki for
clinical trials being built by the ACGT consortium, funded by the European Commission. A
medical Wikipedia, fed by doctors, has been also discussed.
In the past years a new approach has obtained an immediate success. Web services have been
defined by the W3C, the WWW consortium, as "a software system designed to support
interoperable machine-to-machine interaction over a network”. Web services can be accessed
over the Internet, and executed on a remote system. Using the appropriate standards, such as
WSDL, SOAP and others, Web services have been developed for numerous applications, also in
biomedicine. Many applications can be run and executed as services, without a strong
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computing expertise needed. Web services can be orchestrated by means of workflows,
according to the needs of each user.
The development of the Semantic Web, the Intelligent Web, or Web 3.0, where documents and
tools can be structured, shared and integrated through intelligent semantic techniques promises
to expand the above ideas. By way of an example, a special interest group called ‘Semantic Web
for Health Care and Life Sciences Interest Group’ 21 was created by the W3C to analyse the
impact of the Semantic Web in the biomedical domain.
This trend of developing novel Web services and systems where users cannot only access
remote data passively but also actively exchange data, has led to increasing financial problems
to maintain old systems based on a data warehouse approach. Efforts have been carried out for
designing novel data integration approaches from remote, heterogeneous sources, a field where
the authors and others have contributed in the past.
Expanding the original ideas of the World Wide Web, the number of data, methods, tools and
algorithms that are publicly available is continuously increasing. Thus, it is possible to foresee,
in the short and mid term, that such systems can be interoperated to create virtual labs and units
that can be created with almost no cost dedicated to purchase software. Such scenario will be
fundamental for introducing or expanding information technologies in medical care and practice
in low-income countries.
While there have been already previous reports and reviews about the introduction and potential
benefits of the Web 2.0 and 3.0 in medicine, the fundamental idea that we recommend goes
beyond such approaches. This is the notion that open source medical information systems can
be developed and deployed in advanced and developing countries. In this context, past results
obtained in research projects funded by the European Commission could be reused in
developing countries in Africa. Such exchanges could have various impacts, as presented
below:

Figure 12 - Representation of examples of potential benefits from a transfer of knowledge and systems
in BMI from Europe to Africa

21

http://www.w3.org/2001/sw/hcls
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3.3. Social and Economic Aspects
The scientific and economic potential of BMI comes up against the social risks involved with
these disciplines. An interdisciplinary approach is needed to transfer scientific results from
research centers and universities to the market (Kuhn et al, 2008; Altman et al, 2009), gathering
together private and public institutions to jointly carry out concerted research and development.
The key question here is how to deal with the social and economic challenges originated by
interdisciplinary research.
In order to achieve challenges that arise from the synergy of different fields, close cooperation
between experts of various disciplines—such as biology, medicine, informatics, public health,
nanomedicine, engineering, as well as economic and social sciences—is of particular
importance.
Over the past years, the major medical and clinical achievements in these fields have been the
development of: Electronic Health Records (EHR), medical imaging systems, decision support
systems, systems for financial and clinical management (appointments, admissions and
discharges, HIS), coding standards and vocabularies, point-of-care networks, information
portals for patients and knowledge extraction techniques (data mining and text mining).

Figure 13 - Main achievements of BMI with regards to clinical practice

These advances and their applications reveal the importance of technological innovation for
clinical and medical practice, supporting the progress of expert scientific communities and
fostering social and economic development.
Usually, e-health professionals have looked to other sectors to obtain guidelines for the
identification and evaluation of new information technologies. At present, they are starting to
realize that the demonstration of the profit provided by these technologies, in terms of medical
outcomes, is the best way to foster interest among stakeholders in technological innovation.
Nevertheless, there is still no consensus about the best strategies for establishing the connection
between information system investments and health system value (Stead and Lorenzi, 1999).
Moreover, there is not generic model or tool that can be applied to study the relationship
between IT-investments, outcome and benefit or value in the care process (Vimarlund et al
2009).
The following table (table 5) shows the main objectives proposed by the US Government for the
next ten years. These objectives, that can also be applied to the European context, involves the
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public investment in technological innovation and, particularly, in Information and
Communication technologies, making an emphasis on the need of resources to manage and
access information.
Table 5 – Main objectives for BMI - USA

Benefits to population

Benefits to Public Health

Improvement of the healthcare quality

Early detection of infectious diseases

Reduction of medical errors

Data anonymisation for clinical studies

Avoid duplication of tests and treatments

Improve monitoring of chronic diseases

Less bureaucracy

Correct evaluation of healthcare

Direct access to health information
Improved access to health care
The National Library of Medicine—which has created stable programmes with continuous
support for over 30 years—; or the European Commission—which has funded e-Health
programmes for over 20 years—are notable examples of institutional support to BMI.
SWOT Analysis
To extend the above analysis, we have updated a SWOT analysis recently carried out by the
consortium (at UPM) to describe the current strengths, weaknesses, opportunities and threats on
the field of BMI. A SWOT analysis is a strategic planning method that can be used to evaluate
the Strengths, Weaknesses, Opportunities, and Threats of an activity, business or situation of
health-related research. Below it is a representation of the SWOT method.

Figure 14 – SWOT analysis representation

After such analysis, we have found that the following components of BMI are most relevant in
the European context.
Strengths:
x

Over the last decade, there has been a increased user awareness about information and
communication technologies.

x

There is a large number of relevant research results obtained in Universities and R&D
centres within the EU, particularly those with EC support.
40

x

Systematic increase in the number of BMI researchers in Europe.

x

Economic growth over the past decade has fostered investment on innovation, with
substantial funds dedicated to BMI and VPH research.

x

Strong presence in Europe of the necessary elements for BMI development: interests in
Administration, Academy and Industry.

Weaknesses:
x

Lack of specific academic areas and centers focused on BMI technologies in many
universities and hospitals.

x

The USA has established common policies for supporting BMI training for over four
decades, with federal support. In contrast, in the EU, training depends on local
authorities.

x

Lack of interaction between universities and public administrations in designing R&D
programs, though sometimes this has occurred at the local level.

x

Dispersion of competencies between Health, Education and Innovation, particularly at
the administrative levels, which hampers greater policy cohesion.

x

Many training programs are still at their early stages (although there are significant
pioneering initiatives).

x

There are many clinicians without computer skills, due to several reasons, like lack of
training, incompatibility between clinical practice and training, lack of incentives. In
contrast, in the USA there have been great efforts to launch academic programmes at
medical schools, with leadership and significant participation by physicians.

x

Great diversity among the different EU members.

x

PhD degrees do not guarantee neither advantages in employment in some European
countries nor higher salaries in industry

x

Deficits in training in business and project management skills for academic scientists.

x

Lack of incentives to foster work with computers in publicly supported healthcare
organizations, even though it is a core competency for career development.

x

There is still a gap between academic and research results and commercial transfer to
industry. Whereas in the USA there is a culture of rapid transfer of academic results to
industry —at least, higher than in Europe— a similar trend needs to develop in Europe.

x

Only isolated efforts to translate BMI expertise and results to Africa and Latin America
—with ACTION Grid being an exception.

x

Heterogeneous systems: necessity to strengthen policies that allow the integration and
interoperability of systems.

x

The recent major economic crisis threatens to seriously reduce funding and efforts
dedicated to BMI research, especially with the pressures to reduce health costs within
the budgets of most EU countries.
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Opportunities:
x

ICT Budgets (in health) are still low in comparison with other countries, such in the US,
and other sectors. Thus, there is a gap that can be filled. For handling the present
economic crisis, strategies to create new economic opportunities by supporting
technological research could lead to new initiatives in the BMI area.

x

Biomedical Technology has become central to health-related strategic plans and policy
agendas.

x

Bologna’s related academic plans can lead to more collaborative and uniform academic
programmes in BMI throughout Europe.

x

Synergies between national and international plans with European Commission
programmes: extra funding opportunities should be made available

x

With its high growth potential, Health is one of the most strategic sectors of business —
around 10% of the Gross National Product in many countries. With such numbers, ICT
accounts for about 1-3% of GDP in developed countries.

x

New interest by pharmaceutical companies that can provide technology, resources,
solutions and opportunities for commercial transfer and financial support.

x

Exploitation of successful experiences in other countries can be transferred within the
EU, such as:
Ͳ
Ͳ

Tailored training, according to the needs of professionals.
Promote the creation of clusters between companies, universities and public
administration.

x

To fund successful projects that could not reach the market due to funding needs for the
final completion and evaluation phases. Additional funding for the most successful
projects —which still need some additional time for creating business opportunities—
could lead to commercially viable systems. Many of these systems are rapidly shelved
and obsolete from a technical perspective, whereas their methods could be still valid.

x

To promote recommendations for expanding the use and access to open source systems.
We will make more recommendations in this regard below, which can help to make
these systems easily accessible, particularly when they are the outcomes of public
scientific programmes —sometimes it is difficult to find these results, even when they
are openly available.

x

There is a large number of potential volunteers ready to participate in altruistic
initiatives in Africa and Latin America. To increase this potential, new projects can be
launched to transfer open European research results in BMI and apply them in the
health area. These initiatives may lead to significant outcomes for future health research
and care in these areas.

Threats:
x

Short-term planning and decision-making, depending on political trends.

x

Concern about the sustainability of Health systems that could have an impact on
funding. Open Source systems present some sustainability issues, also.

x

Lack of expertise of managers, coming from other areas, in R&D funding programs.
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x

In most cases, the bureaucracy to access financing requires a lot of effort.

x

The economic crises will reduce many public scientific initiatives to help unemployed
people and social programmes —however, such path might easily lead to reduce
European opportunities for economic growth.

3.3.1. Recommendations
In this section, we do not aim to provide a list of research priorities or Grand Challenges in
BMI. This is a field where such proposals have been made in abundance over the past decade.
Thus, we provide some recommendations related to policies and put procedures in context.
Research
priorities
and
Grand
Challenges
will
be
provided
for
the
Nanoinformatics/Nanomedicine section of this document, since it is the most novel and
innovative. Some of these ideas were already presented in the SWOT analysis, but we will state
them here as a final summary of the BMI section of this document.
Recommendations for the Administration and funding agencies
x

Increase resources and budget for BMI and health-related technologies.

x

Support for interoperability and standardization, enhancing collaborative developments
and exchanges with other parties.

x

Increase research exchanges with US organizations

x

Promote the transfer of research results to developing countries.

x

Leadership and public funding to facilitate the creation of clusters in biomedical
technology:
Ͳ
Ͳ
Ͳ

Encourage investment in R&D through the creation of spin-offs at Universities.
Emphasis on innovation.
Foster the development of programs for the collaboration between University and
Industry: grants and incentives for the recruitment of pre-graduate students and PhD
students, adaptat training to industry needs, etc.

x

Establishment of R&D programs in the long term, ensuring medium-term financing.

x

Enhancing the use of open-source systems and access to them. This topic is expanded
below, given its importance. We present one concrete proposal, previously reported in
top scientific journals.

x

Improve initiatives related to Grid and Cloud Computing, making powerful computing
facilities and systems available at remote distances.

x

Support the transfer of research results to commercial products, filling the usual gap in
this process —which usually leads to shelving of these systems, and missed
commercialization opportunities.

Recommendations for the Industry
x

Investment and development of value-oriented solutions in terms of health outcomes:
technology is not an end, but a means.

43

x

Participation in collaborative corporate programs with national, European and
international R&D plans.

x

Development of joint programs in collaboration with the Administration for the training
and recruitment of specialists: fellows, researchers, doctors, etc.

x

To support the reuse of open source systems for routine components to be used as basic
components of large systems, while focusing efforts on really innovative methods and
tools.

Recommendations for Health Organizations
x

Professional Career in Health Informatics, incorporating BMI specialists.

x

Foster training in ICT.

x

Increased investment in information systems, particularly in the clinical area.

x

Improvement of information systems, focusing on medical care, research and teaching.

x

Organizational restructuring: towards a continuous care process, with new centres, new
services and new channels supported by new technologies.

x

Training of clinicians in biomedical technology and nanotechnology.

x

Systems must be compatible, standardized and scalable.

Recommendations for Academia and Research Institutes
x

Encourage the creation of interdisciplinary groups, with new academic positions not
necessarily linked to the traditional areas of knowledge.

x

Reward academic collaboration with industry.

x

Collaboration in R&D groups between universities and health centres.

x

Diversification of university departments with broader profiles.

x

Foster R&D with public funding, supporting previously successful experiments to
demonstrate, as a proof of concept, their validity.

x

Collaboration with companies and health organizations to better understand their needs,
encouraging training in the demanded areas.

x

Promote hiring of external resources recruiters and R&D fund managers.

x

To enhance the work of graduate and undergraduate students on truly innovative
systems, not “toy” projects.

x

Enhance collaborative approaches, like it has happened in bioinformatics around the
different –omics projects.

Finally, to complete this section, we include a recent paper (5 May 2010) published by the
consortium at the ScienceCareers section (electronic) of the Science journal. It was peerreviewed.
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3.4. A proposal for making open results from biomedical research
projects easy to find and access 22
Wald has addressed scientific openness in a recent Science article (Wald, 2010), including data
and methods used for research. Advances in software tools for bioinformatics search helps
(Dinov et al, 2008), but, just becoming aware of open results of research projects funded by
public agencies—e.g., databases, software, papers, e-books— and finding them efficiently still
proves harder than it should.
In the course of producing an advanced, automatically generated on-line inventory of
bioinformatics resources (de la Calle, 2009), we analyzed results from research projects
publicly-funded by the European Commission, Spanish agencies and the NIH. We discovered
that finding the complete set of available information reported to have been generated by the
projects could prove quite elusive. Non-peer-reviewed summary reports were commonplace, but
specifics of electronic resources with Web locations were frequently not, even when researchers
mentioned their existence as being openly available (Maojo et al., 2010).
To enable searches with sophisticated text mining, publicly-funded projects should provide a
minimum information set including titles, authors, funding agency, annotations with concepts
from ontologies or controlled vocabularies that characterize the functionalities of the resources,
papers reporting significant findings using these resources —peer-reviewed quality indicators—
and their Uniform Resource Identifiers (URIs).
Earlier suggestions for structuring abstracts of papers (Gerstein et al, 2007) resulted in an
experiment with disappointingly limited success (Lok, 2010). However, to provide basic
information resources from projects already on the web ought to be more straightforward.
Requiring a minimum information set like the one we propose to be available online under
clearly specified standards might help bring about more comprehensive open access which
would promote wider reuse of resources and avoid duplication in scientific projects, worldwide.
Agencies are increasingly requiring that papers reporting research funded by them become
publicly available. Our proposal is that they require that other products of research —like open
electronic resources that back-up a paper’s results— should be made equally easily accessible.
Similarly, the use of text mining techniques can avoid duplication and plagiarism in proposals,
as we have proposed previously in a communication to the Nature journal (Maojo et al, 2008).

22

This section has been published in the ScienceCareers section (peer-reviewed) of the Science journal,
on
5
May,
2010.
See
(Maojo
et
al,
2010).
Available
at
http://blogs.sciencemag.org/sciencecareers/2010/05/open-results-fr.html
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4.

GRID INFRASTRUCTURES

4.1. Taxonomy of infrastructures
High Performance and Cluster Computing
High performance computing (HPC) has been historically associated with increasingly powerful
mainframes and ‘supercomputers’. Ever increasing demand and necessarily limited supply
maintained the cost of such computing at a high level, resulting in a concerted search for
alternatives. Parallel computing, based on the factorisation of algorithms into finely controlled
processes that could be performed concurrently on different processors, led to a variety of
architectures. Some of these envisaged a number of quasi-independent processors which could
be harnessed together as necessary to perform parallel computations; some processors (e.g. the
Transputer) were devised specifically with such platforms in mind. Cluster computing
represents a well developed modern paradigm of this kind. The Cluster Computing White Paper
(Baker, 2000) gives a reasoned historical account of this development.
A more recent development in HPC is related to HPC Networks; there is relatively little
commonality between the various exemplars of this paradigm, but they share a need for
messaging languages. Some work towards a common “higher level” language to allow such
infrastructures to interoperate has led to a standard which bridges the gap between at least two
architecture types.
Grids and Grid Computing
Two contrasting definitions of grid computing capture its essence: one is resource-focused—“a
fully distributed, dynamically reconfigurable, scalable and autonomous infrastructure to
provide location independent, pervasive, reliable, secure and efficient access to a coordinated
set of services encapsulating and virtualising resources” (CoreGrid Network of
Excellence 23 )—while the other emphasizes computation “distributed computing performed
transparently across multiple administrative domains” (Coveney, 2005). Coordination of these
‘virtualised resources’ and the ‘multiple administrative domains’ to which they belong is
achieved commonly through ‘virtual organisations’ (VOs), a term intended to convey a sense
both of agility and scalability in the new web-related context.
Grid computing is closely connected to e-science and the need for orchestration of experimental
and analytical tools on one hand and for increasing scientific collaboration on the other. The
extension of e-science concepts to health was dubbed ‘healthgrid’ since ‘e-health’ already had a
familiar and, indeed, different meaning. A grid in our terms provides computational, data
management and collaboration services to the user of any device that is compatible with it.
Compatibility here implies compliance with the technological standards and with the rules of
the VO to which the user is joining.
Biomedical applications present a variety of challenges to grids. Frequently, they are multimedia applications with a high volume and complexity of data and high processing demands.
Transfering of these data presents complex security demands, and very often hard
synchronization and latency demands. However, grid technologies may support many specific
requirements for medical data, including workflows, load balancing, service quality, and
security policies. Grids provide security, interoperability and resource sharing services, with
improving data integration facilities. Grids preserve local administration while permitting VOwide sharing, allowing access to distributed and replicated databases, multiple computing
23
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resources. They can autonomously allocate and reallocate tasks. Grids offer a valuable
platform for parallel computing applications and an effective job queue management system,
but can provide services whenever a coherent and secure access to distributed data is needed or
when data processing needs to be done at each end. If a program has to run many times with
variation in several parameters or for large coarse-grain parallel applications, grids are also of
great value. A discussion of healthgrids in much greater depth is available at the SHARE project
Integrated Road Map 24 .
Grids are sometimes differentiated into computational, data and collaboration grids.
Data and Computational Grids
A major attraction of grids was their promise to allocate resources to processes according to
established protocols. The obvious infrastructure resources to be shared in the first place were
computational power and storage capacity. Some scientific problems have relatively clear
requirements, leaning either towards computation or towards storage. BI is evidently
computationally intensive, while healthcare informatics is arguably more data intensive. Grids
configured with a bias towards one or other of these uses were loosely termed data grids and
computational grids respectively.
Collaboration Grids
In the case of biomedical grids the possibility of collaboration between physicians and
scientists, was (re)discovered in its own right through many early projects and subsequently
codified as a significant paradigm in the SHARE roadmap for ‘healthgrids’.
Knowledge Grids
A knowledge grid has been described as one that will not only serve up knowledge, but would
also manage itself in a ‘knowledgeable’ way. Knowledge in the context of biomedical research
and especially healthcare may be differentiated into declarative knowledge (‘know what’),
operational knowledge (‘know how’) and explanatory knowledge (‘know why’) connecting the
other two forms.
The introduction of nanotechnologies in biomedical research and healthcare will significantly
strengthen the need for knowledge grids that can handle these different forms of knowledge
effectively.
Clouds
Clouds should be differentiated from grids not so much by architecture as by purpose. Several
common principles underlie the architecture, but whereas grids generally address a more or less
specific purpose, clouds are supposed to be broadly available infrastructures that can be adapted
to many potential users’ needs. Indeed, it has been observed that cloud computing adopts,
adapts and extends certain concepts that figured both in the world of commercial enterprise
computing and in grids.
Architecturally clouds are somewhat vaguely defined through the technologies they exploit –
principally virtualization – but are distinguished according to the so called SPI model which
differentiates between clouds that offer, respectively, Software, Platform or Information as a
Service (whence the further acronyms SaaS, PaaS and IaaS). From the point of view of
biomedical informatics, it should be noted that proposals are now emerging for hybrid
grid/cloud architectures which would exploit a cloud-like distribution of compute-intensive jobs
to particular clusters in a grid. This innovation is further supported by experiments with
24
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Graphics Processing Units (GPU) which have been shown to speed up—e.g., stereo-geometric
and other molecular computations by up to two orders of magnitude.
Service-Oriented Architecture (SOA)
An important consequence of the fluidity of collaboration in grid computing has been in the
choice of a common architecture for grid systems. The so-called ‘Service-Oriented
Architecture’, a standard rather than architecture, has been widely adopted in grid applications.
SOA views software applications as services which, once constructed, are provided with a
description in an agreed language and made available to be adopted by other services that need
them. A ‘service economy’ is thus created in which both ad hoc and systematic collaborations
can take place. It may thus be seen as a ‘compositional’ approach to system architecture, in
which the ‘workflow’ of desired processes is designed and defined by the user and the system is
engineered to respond optimally to this demand.
Application Services
Clouds re-interpret and extend the concept of ‘application service provision’ (ASP), a concept
originally promoted to enhance standardisation across versions of application software and, in
effect, give more control to the vendor over the customer and to the data centre over the user, in
return for which customers and users would have certain guarantees of quality and service level.
Virtualization
In both grids and clouds, resources are ‘virtualised’. Virtualisation is certainly not a new idea –
it is core to the design of modern computers, but in its current usage, the concept is extended to
include virtual processors (i.e. simulated processors) which can be addressed just like ‘real’
ones but which may in fact be sharing the cycles and memory resources of one single physical
processor. Clouds can exploit this as a means of scaling up resources to meet a spike in demand
in which new processors are identified and brought into play.
Web Services
Web services, which were tipically considered as the technology to enable the deployment of
services on the Internet, has been also adopted by the Open Grid Forum which is the
acknowledged body to propose and develop standards for grid technology. Web service
technology also provides the bridge between the grid world and the Semantic Web. The latter
refers to common formats for interchange of data and about language—semantics—for relating
data with real world objects. Although some current grid infrastructures do not (yet) offer a web
service interface to their services, we will concentrate our ‘state of the art’ on web services
because it is the relevant technology for the future. We will then go on to discuss the status of
existing grid infrastructures, the technologies they use and the services they offer.
Web services were designed to extend the World Wide Web’s information services to support
real applications and a means of inter-service communication. Standardized interfaces use the
Web Service Description Language (WSDL) to describe available services and their operations,
the form of request and response messages, and the location of the different services. These
request and response messages use the Simple Object Application Protocol (SOAP) over any
common Internet protocol. SOAP has the advantage of being implemented in several languages
and toolkits. All the messages and description languages are based on XML.
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WSDL
WSDL is the de facto standard for the description of service interfaces in web services (see
World-Wide Web Consortium 25 ). It describes the operations offered by a given service, the
data formats used by the operations, the physical location and mode of access to the service.
Although there are facilities for automatic generation of WSDL documents, they still often
require manual editing. Data formats are specified by using XML Schema. Its rich
expressiveness allows WSDL to be used in various possible ways to describe interfaces and still
be interoperable. On the other hand, it is possible to restrict the language and thus focus on
specific interoperability requirements.
UDDI
Universal Description, Discovery and Integration (UDDI) is another de facto standard for web
services, and provides a registry for service discovery. Web services registries are necessary to
describe available services and provide search facilities for required services. Current search
functions in UDDI provide only limited support for automatic service selection decisions and
cannot facilitate matching at the service capability level. A key limitation is that UDDI does not
support semantic search, so that it is limited to keyword and category-based searching. It
cannot capture relationships between entities, e.g. by inferring them using semantic
information 26 .
Web Services Resource Framework
One of the critical limitations of web services as originally conceived was their ‘statelessness’,
i.e. that they would retain no values between invocations, thus making it more difficult to
combine them to offer more complex services. The development of the Web Services Resource
Framework (WSRF), a set of specifications which define conventions for modelling and
accessing stateful resources, was undertaken to address this weakness. A process begun in
March 2006 by major industry leaders and the Globus Alliance to merge WSRF specifications
with the WS-Transfer set of specifications has now effectively been completed21.
Table 6 - Comparison of grids and clouds; summary of Grid Briefing, 2009

Grids

Clouds

What?

Shared resources.

Leased resources.

Owned by?

Universities and research institutes.

Small & Large companies.

Useful for?

Multi-process jobs of limited
duration with very large data
volumes.
Reduced cost of ownership.
Joining forces to scale up power to
solve complex problems.
Distributed collaboration using
shared data and workflows.

Long-term enterprise services.
Lower cost of leasing substituted by
cost of ownership.
Flexible scaling according to needs.

How?

Open source technology
provider-users’ control.

25

under Proprietary
technology
under
owners’ control. However, some
clouds being fully open source such
as opennebula 27

http://www.w3.org/TR/wsdl
See links to various OASIS standards from http://www.oasis-open.org/
27
www.opennebula.org
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Grids

Clouds

Benefits

Collaboration
Ownership
Transparency
Resilience

Flexibility
Reliability
Ease to use

Drawbacks

Reliability
Complexity

Generality
Security
Opacity
Rigidity
Oligopoly

4.2. Middleware
Middleware is the layer of grid software that functions closest to the physical infrastructure.
Thus the functionality of a grid middleware resembles that of an operating system, but the
comparison is in many ways misleading. The software architecture of middleware – or, perhaps
more accurately, its mode of development or assembly – reflects its origin. By comparison with
early efforts, modern middleware is a paragon of deliberate design, while some early grid
middleware adopted the ‘big ball of mud’ anti-pattern, taking advantage of any available open
source component that would do the required task.
Depending on the type of grid organisation – from a highly coordinated HPC grid at one
extreme to a volunteer peer-to-peer grid at the other – the middleware will be responsible for the
management of services. This implies a variety of important functions. Resources must be
described so that they may be discovered by services, and they must be matched to the
requirements of services and jobs. They must be scheduled, allocated and monitored, both for
effective running of jobs and for effective tuning at a higher level. This double-loop monitoring
may be thought of as predictive management and links to the broader issue of grid resource
economics. The problem of scheduling and successfully running jobs may be seen, therefore,
from two points of view, a resource-centric and a job-centric one.
Among the critical resources that must be managed is persistent storage of large volumes of
data. This has been one of the most rapidly evolving and developing areas in grid research,
beginning with basic file handling, as in the Storage Request Broker (SRB), which of course
presents new challenges in the problem of distributed storage, through to the most recent
developments in data integration across a grid, such as OGSA-DAI. Such modern services go
beyond database interfacing to provision of a framework of semantic services which enable
access, management and integration of heterogeneous resources and even allow ontology-based
reasoning with data.
Since grids are collaboration environments, middleware must be capable of interpreting users’
workflows into coherent sets of services to be coordinated, scheduled and monitored. It should
be possible to tolerate the failure of individual services which the middleware may be able to
match to other resources to which to migrate and continue the computation. Methods from
Artificial Intelligence, such as machine learning, may be adapted to self-diagnose and repair.
Overall performance will be subject to a service level agreement, which may be an
automatically brokered contract between service requester and provider within the management
structure of the grid.
Thus the middleware must be capable of sustaining services to owners of resources, to users of
resources, and to the virtual organisations that they form to pursue a common purpose. In such
50

a context, it is evident that an economic approach to the cost and value of services must be
considered, except in the rarest of cases where supply exceeds demand. Indeed, when demand
for some highly performance or specialised resource outstrips supply, not only would the
middleware need to allocate, but it must also prioritise and possibly schedule by reservation, as
in a batch system.
Case studies of middleware
There are several prominent examples of middleware; here we quote briefly from their own selfdescriptions:
Table 7 – Examples of middleware

ARC

http://www.nordugrid.org/middleware/

The Advanced Resource Connector, ARC, is open source; it enables production quality
computational and data grids, with NorduGrid as the most prominent example. It is based on
pre-Web Services technologies. The KnowARC project aims to extend ARC with Web Services
based on Open Standards.
AliEn

http://glite.web.cern.ch/glite/alien/

AliEn is a light grid framework developed by CERN, built from open source components using
the combination of Web Service and distributed agent model. It was developed by the ALICE
collaboration as a production environment for the simulation, reconstruction and analysis of
physics data.
UNICORE

http://www.unicore.eu/

UNICORE has an SOA and offers a ready-to-run grid system including client and server
software. It is open source under BSD licence and is based on standards including Open Grid
Services Architecture (OGSA). Unicore provides full set of VO services.
Globus

http://www.globus.org/toolkit/

The open source Globus Toolkit includes software services and libraries for resource
monitoring, discovery, and management, plus security and file management. It is packaged as a
set of components to be used independently or together to develop applications to suit different
organizational styles.
gLite

http://glite.web.cern.ch/glite/

gLite is tied to the Worldwide Large Hadron Collider Computing Grid Project (WLCG) and
supports the EGEE/WLCG infrastructure, shorthand for the overlapping resources of the two
projects. It has been adopted/adapted by many other projects, notably in the biomedical field.

4.3. Current Projects and Infrastructures
There are numerous grid, e-science and cyber-infrastructure projects in Europe, the United
States and beyond. Arguably, developments in Chicago, following the publication of the first
edition of The Grid (Foster and Kesselman, 1998) and very soon after in the UK e-Science
Programme (UK e-Science Programme 28 ) were the spark that ignited the distributed revolution
that has come to be known as ‘grid computing’ 29 .

28

http://www.rcuk.ac.uk/escience/default.htm
A good listing is available on the European Grid Initiative (EGI) website where references to European
projects can be found (http://web.eu-egi.eu/)
29
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Table 8 – Current initiatives working on infrastructures

EGI

http://www.egi.eu/

The objective of EGI.eu (a foundation established under Dutch law) is to create and maintain a
pan-European Grid Infrastructure in collaboration with National Grid Iniatives (NGIs) in order
to guarantee the long-term availability of a generic e-infrastructure for all European research
communities and their international collaborators.
EGEE

http://www.eu-egee.org/

EGEE (Enabling Grids for E-sciencE) is an EU-funded production grid project aiming to build
a grid infrastructure for e-Science. The project has developed its own widely adopted
middleware, gLite.
DEISA

http://www.deisa.eu/

DEISA (Distributed European Infrastructure for Supercomputing Applications) is a consortium
of national supercomputing centres in Europe that are coordinating their actions in order to
jointly build and operate a distributed terascale supercomputing facility.
NorduGrid

http://www.nordugrid.org/

NorduGrid is a grid research and development collaboration aiming at development,
maintenance and support of the Advance Resource Connector (ARC), a free middleware. The
‘NorduGrid grid’ or the ARC-grid is formed by the individual grid projects that use ARC as
their middleware.
OSG

http://www.opensciencegrid.org/

OSG (Open Science Grid) may be considered the American sister project to EGEE. OSG
provides a production infrastructure to several scientific communities. The software
infrastructure is mainly based on the Virtual Data Toolkit. The services offered by OSG are
rather similar to those of EGEE.
TeraGrid

http://www.teragrid.org/

TeraGrid is a collaborative supercomputing cyberinfrastructure consisting of diverse resource
providers, somewhat similar to DEISA in Europe. TeraGrid an integrated and coordinated set
of scientific resources that provide advanced capabilities to the end user that are driven by
scientific requirements and delivered through a variety of software, middleware, policy and
support functions.
BIRN

http://www.birncommunity.org/

BIRN (Biomedical Informatics Research Network) offers a collaborative environment for
biomedical research and clinical information management. BIRN provides data-sharing
infrastructure, software tools, strategies and advisory services with emphasis on the biomedical
research community’s data-intensive sharing and analysis needs, especially in biomedical
imaging and genetics
caBIG

https://cabig.nci.nih.gov/

CaBIG (Cancer Biomedical Informatics Grid) provides many biomedical applications,
including clinical trials, integrative cancer research, tissue banks, pathology tools, and clinical
imaging of patients. Emphasis is placed on interoperability, with defined terminology,
metadata, and information model standards. The project aims to provide components that are
applicable beyond cancer research.
NBCR

http://nbcr.sdsc.edu/

NBCR (National Biomedical Computation Resource) aims to conduct and enable multiscale
biomedical research using a cyberinfrastructure. The development of this cyberinfrastructure is
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driven by multiscale modelling applications, which focus on research ranging in scale from the
molecular to organ level; it also supports the development of ontology and semantic mediation
tools.

4.4. Interoperability between current infrastructures
Interoperability and interoperation
With increasing use of e-infrastructures, middleware interoperability remains an aspiration, but
one that is increasingly addressed as the products themselves mature. Interoperability extends
from the ability to integrate services provided under different regimes into a single workflow to
the idea of replaceable components within a single SOA-based solution. Projects and
applications often interact and collaborate with middleware developers to ensure that their
solutions interoperate through the project’s grid infrastructure to solve a particular problem.
Conversely, many projects often have to develop solutions that will allow integration with other
infrastructures, thus broadening the scope of the middleware. It is widely recognized that the
prevailing grid paradigms would be all the more effective if they could easily interoperate,
forming not a single grid but a federation of grids with different attributes. These attributes
would reflect user requirements and allow one or other infrastructure to be chosen depending on
the nature of the job to be executed and the resources available.
Standards are evidently a key ingredient of interoperability. International bodies which seek to
promote distributed interoperability standards include the Open Grid Forum (OGF), the
Organisation for the Advancement of Structured Information Standards (OASIS), the World
Wide Web Consortium (W3C) and, arguably to a lesser extent, the Distributed Management
Task Force (DMTF). These map in an interesting way onto different aspects of grid and cloud
computing: the stress on infrastructures and middleware, on interchangeability and semantics of
data, on web services and on management. Virtually all grids adopt a layered architecture so as
to promote flexibility, much as the fundamental computing machine is layered so as to present a
‘virtual’ machine to the layer above. Successful collaborations in the grid world have
demonstrated the importance of adaptation at the middleware level, avoiding the need to change
or adapt several layers of their architecture. A convenient view of these requirements is
captured by the so-called Levels of Information Systems Interoperability (LISI, cf. Tolk and
Muguira, 2003).
Table 9 – Levels of Information Systems Interoperability (LISI), developed by US Department of
Defense
Level

Description

0

Isolated (non-connected)

1

Connected (electronic connection, separate data and applications);

2

Functional (minimal common functions, separate data and applications) (PBS, Condor, SGE)

3

Domain (shared data and separate applications); Service oriented grid without workflow
capacity (GT4, ARC)

4

Enterprise (interactive manipulation, shared data and applications). Systems with workflow
capability (Taverna, GRIA, OMII, UNICORE6, EGEE and EGI, EELA)

EGEE and EGI, through the KnowArc project, have established surveys of interoperability
between various platforms, repositories, architectures and infrastructures. This has provided the
ground for several layers of collaboration between the middleware, the projects and the
infrastructures, so that they mutualise their efforts and resources and become, if not fully, partly
interoperable, allowing setting common tools and solutions sharing between the communities
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(See KnowARC Project EC/IST 032691 7/61 Deliverable D3.1-1 Interoperability Minimal
Survey 30 ).
Practical grid interoperability requires grids to interoperate by sharing a set of well-defined
standards and protocols. Grid Interoperability Now (GIN) is an important Open Grid Forum
(OGF) initiative (see Open Grid Forum Grid Interoperability Now wiki 31 ): it aims to provide a
sound foundation for grid interoperation among production grids. Five groups are working on
Authorization and Identity Management; Data Management and Movement; Job Description
and Submission; Information Services and Schema; and Operations Experience of Pilot Test
Applications.
Adapters and translators; gateways; portals and workflow services
One way to implement interoperation is through adapters that bridge incompatible interfaces,
and translators that convert information to a format that another system can understand. This
approach requires new services to be implemented or parts of the grid middleware to be
modified without modifying existing interfaces. An example is the Java Grid Access Toolkit
primarily developed by the Vrije Universiteit Amsterdam (see Java Grid Application Toolkit,
JavaGAT 32 ).
On the other hand, gateways are used when it is not possible to modify higher-level services. A
gateway is a bridge between grid infrastructures. It uses the same technique as adapters and
translators, but the gateway is a specific service that is not built into middleware. In general,
interoperation through a gateway entails direct collaboration between two different middleware
stacks, by creating information and data exchange mechanisms between the two, mediated by a
grid gateway that helps in transparently relaying grid entities from one system to the other. This
way a grid user may not even recognize that their grid job executes on another grid. However, it
should be stressed that interoperation must try to leave current grid services intact.
If neither interoperability nor interoperation is possible, resources on different grids can still be
presented to the user in a uniform way, by adding another layer of abstraction, i.e. implementing
a “super” user interface, e.g. in the form of a web portal or a stand-alone graphical user interface
(GUI).
Examples of interoperation
Open Science Grid is itself an example of the aggregation of three different grid projects which
have adopted the Globus Toolkits (GT2.x and later GT4.x) as common basic layer. The main
advantage of this concept is that aggregation of all resources (computational and human) and all
knowledge takes place without internal technological barriers i.e. the aggregation is fast and
solid. Within the GT4 framework, new layers, based on web services, were developed to
increase interoperation capabilities. The OSG aggregation implements two design principles:
x

utilization of a solid grid base solution in order ensure production grid functionality;

x

development of new pre-standard web services in order to ensure interoperation in the
future.

By contrast, it is well known that current middleware stacks used in production grids employ a
variety of technologies, including service oriented architecture (ARC, gLite3); web service
architecture (GRIA, OMII, UNICORE 6); and vertically organized structures (HPC centres).
This diversity leads to segregation, hindering even the simplest tasks, including submission of a
job from a user interface on grid A to a computing resource on grid B; transfer of a file from a
30
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storage resource on grid A to a storage resource on grid B; or access to information resources on
grid A from grid B.

4.5. Prospective infrastructures
Achieving interoperability between different products is a concern for all e-infrastructures and
strong steps have been taken to render the networks, infrastructures and worldwide initiatives as
to develop easy to use access to the major infrastructures, EGI aiming at being interoperable
with most of the major infrastructures. EGI collaborates with the network GEANT which is
federating national research and education networks (NREN) and other infrastructures essential
to the development of grids. Provided that the power of these networks is made available, the
infrastructures can use the channels they make available to establish the grid.
In this chapter, we map some current international developments to create more homogenous
regional distributed infrastructures. It is anticipated that there will be additional infrastructures
to address the needs at regional, national and international levels, but for present purposes we
will focus on the infrastructure that will ensure interoperability between the main varieties of
middleware, gLite, GEANT, Internet 2, ARC and Globus.
ESFRI projects
Before considering future projects from Europe and beyond, we reflect on the European
Strategy Forum for Research Infrastructures, and its ambition
“… to support a coherent and strategy-led approach to policy-making on research
infrastructures in Europe, and to facilitate multilateral initiatives leading to the better use and
development of research infrastructures, at EU and international level.” (Quoted from ESFRI
website, see below.)
Table 10 - European Strategy Forum for Research Infrastructures projects

ESFRI

http://cordis.europa.eu/esfri/

ELIXIR

European Life Sciences Infrastructure for Biological Information)

BBMRI

European Biobanking and Biomolecular Resources

INFRAFRONTIER

European Infrastructure for Phenotyping & Archiving of Model Mammalian Genomes

INSTRUCT

Integrated Structural Biology Infrastructure

ECRIN-PPI

Infrastructures for Clinical Trials and Biotherapy

EATRIS

The European Advanced Translational Research Infrastructure in Medicine

ESFRI projects are not yet at production stage, but they will require agile architectures to enable
them to integrate the broad range of heterogeneous data and services on a single platform. Once
developed, these projects will be engaged at European level in the standardization of research,
provided the infrastructures address the needs of the various scientific communities. In biomedicines
and Bioinformatics, several ESFRI projects are being launched, among them those listed above which
are relevant to the present document. These projects will prove relevant in moving e-infrastructures
towards convenient tools and will enhance the relationship between the e-infrastructures and end
users, helping to develop mutually beneficial collaborations and partnerships.
APGI

http://www.euasiagrid.org/

At the initiative of the EC funded project EUAsiaGrid, the Asian Pacific Grid Initiative, will be
launched to initiate the creation of a large infrastructure linking South East Asia and Pacific region
(including Australia) laboratories, national grid initiatives and clusters.
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LGI

http://documents.eu-eela.org/record/1119/files/ >> EELA-2-DSA1.3-v1.11.pdf

Based on EELA2, the Latin America Grid Initiative (LGI) will federate laboratories and clusters,
federating the resources available into either national grid initiatives or interstate networks as to
develop an Infrastructure for Latin America. It is based on the model of EGI and will ensure
interoperability with GEANT, TAIN and EGI. This infrastructure will come to encourage the use of
grid and to foster the development of grid initiatives in Latin America.
EUMedGrid

http://www.eumedgrid.org/

Co-funded by the EC within the Sixth Framework Programme for Research and Development and
coordinated by INFN, the EUMEDGRID project supported the development of a Grid e-Infrastructure
in 13 countries of the Mediterranean area, and promoted the porting of new applications on the Grid
platform, thus allowing Mediterranean scientists to collaborate more closely with their European
colleagues.
SAGI

http://sagrid.ac.za

The South Africa Grid Initiative has been conceived by South African institutes through a partnership
with EGEE and EGI. Their plan is to develop SAGrid, with the vision and strategy to build the
foundation for an Africa Grid Initiative once all services are ready within the SAGrid.

4.6. Challenges in the Technical, Ethical, Legal, Social and Economic
Domains
Technical Issues
The SHARE project identified a number of basic technical requirements, including the
adequacy of network infrastructures for the effective operation of a grid, the usability of grid
interfaces and simplicity of administration of grid nodes. Other major healthgrid-specific issues
can be divided into standardisation, communication and security.
The deployment of services which integrate data from BI and MI applications or data sets
requires standards, not only to interpret syntax and semantics between different systems but
also to bridge the terminologies of different medical disciplines and the languages of the
different member states. These standards are used in the construction of data models, in the
development of ontologies and of knowledge management services. Standards for the exchange
of biological and medical information are still limited in the types of information they can
support. Compatibility with grid standards is an additional requirement, and although many of
these issues arise in any data integration programme, they appear all the more sharply in grids
where the heterogeneity of the underlying system is expected to be transparent, or at least not to
impact on the user.
Early work in healthgrid projects spanned a wide range of potential applications, from ones with
immediate applicability to concept projects which served to broaden the horizons of MI. With
time, there has been a greater concentration on the biomedical aspects where near-term
realization is more likely. However, even in the field of clinical trials, a familiar, tried and tested
approach to knowledge discovery, healthgrids have made limited progress. Success stories
demonstrating the impact of grids on medical research could play a vital part in convincing
others of these benefits and we are inevitably led to the need for a suitable demonstration
environment, offering relatively easy and direct access to the grid for non experts and providing
services to convince the clinical and biomedical research communities that the technology is
worth engaging with. Commercial exploitation through grids or even clouds may provide the
necessary results.
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General acceptance of healthgrids in clinical settings and in biomedical research will only come
about when the middleware can provide a range of necessary guarantees in the management of
personal data. The SHARE project identified the following minimum security requirements:
x

Manipulation of personal data on the grid must obey strict regulations. These
regulations vary between European member states.

x

Services for the anonymization and pseudonymization of medical data must be
provided.

x

Medical data must be regarded as the property of the patient. A mechanism must be set
up to allow individuals to access their data on the grid.

x

For healthcare purposes, the authentication of healthcare professionals on the grid
cannot be handled by requesting all of them to get a grid certificate. A mechanism must
be set up so that professional cards can be used to provide authentication on the grid.

Given the capacity of nanosciences and nanotechnologies to invade and alter human physiology
and, we may anticipate, pathology, with many implications for those who partially share, say, a
particular patient's genome, many of the issues arising in 'ordinary' healthcare and in current
biomedical research become significantly magnified.
Ethical Issues
Ethical issues in healthgrids arise from and correspond to four well-established ethical
principles, autonomy, beneficence, non-malfeasance and justice. Taken together as a whole,
they offer a system of ethics in which the needs of the individual are balanced against those of
society. Common belief and value systems place emphasis on the autonomy of the individual,
i.e. the right to remain in control of her or his own person. This is intimately tied up with the
legal duties of consent and confidentiality. This calls for a system which is robust and is seen to
be robust, so that patients are able to trust it. The ethical duty of beneficence is the duty to do
good. In the words of the Hippocratic Oath this becomes the more modest to do no harm. This
dual duty is frequently used to justify the adoption of specific health technologies to improve
treatment. A clear argument in relation to healthgrids which also impacts Nanoinformatics is
that a clinician ought to use them if he or she believes that these methods are efficacious. It is
naturally objected that until these technologies have stabilized, there is no evidence base of
good clinical practice such arguments will not apply. At the current, more experimental stages
of healthgrid and nanoscience research, it is essential at least to ensure that use of derived
applications does no harm, indeed, that the patient is aware of any possible medical and social
damage. The ethical principle of justice deals with the duty to achieve a fair distribution of
resources. In terms of healthcare and biomedical research, this is often interpreted as aiming at
the greatest health benefit of the greatest number. For healthgrids and Nanoinformatics, this has
implications on the distribution of benefits to individuals and the common good, e.g. in the use
of an individual's data or even biosamples to advance research that may benefit others more than
the individual him- or herself.
Legal Issues
The legal issues discussed here were analysed extensively in the SHARE project because of
their relevance to healthgrid technologies. Other legal concerns, such as competition issues, are
of relevance to healthgrids and Nanoinformatics; some of these were dealt with in the Legally eHealth project (see Legally e-Health Project Legally e-Health Report 33 ).
The ethical principle of autonomy gives rise to and is legally underpinned by the duty of data
protection. The European charter of fundamental rights includes privacy protection; moreover,
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the European Commission has issued a robust directive on data protection to promote privacy.
However, implementation of the Directive in different Member States has been various, creating
a degree of uncertainty in relation, e.g., to European biomedical research where patient data may
be needed.
Grids tend to blur ethical and social issues. Liability issues are likely to be problematic to
Nanoinformatics in the context of healthgrids. While there is European legislation to protect
citizens from harm resulting from goods offered on the market, the very development of
healthgrids makes it difficult to ascertain which element of legislation may apply to each part of
the system. The law on medical devices is unclear in relation to healthgrids. A series of
directives have considered active implantable medical devices, medical devices in general and
biocidal products, confusing the overall picture with overlapping scope. Although there appears
to be no case law currently, it is to be expected that the use of any nanotechnology-based
implant, with no matter how rudimentary embedded software, will potentially pose a
challenging legal question.
It would appear that Nanoinformatics will present no new intellectual property problems
beyond those already documented in healthgrids. The SHARE road map summarized the issues
and possibilities by observing that the owner of copyrighted software would have exclusive
rights to exploit and further develop that product, but equally that this may point the way to
wider use of open standards and open source development. However, intellectual property
rights will almost certainly arise in considerable breadth and depth in nanoscience models and
discoveries and nanotechnology applications. To the extent that these will be implicated in a
healthgrid framework, e.g. by being built into a software product, the impact on
Nanoinformatics grids is likely to be very considerable. The management of infrastructures and
middleware platforms to execute licensed software in the context of VOs rather than legal
owners will require some kind of digital rights management solution.
Organisational, social and cultural issues
At a political and cultural level, it is inevitable that Nanoinformatics, especially when it impacts
patient care, will present certain additional issues over and above those of biomedical and
healthcare informatics and healthgrids. Given the potential of nanotechnology to interact at the
genome level, there will be powerful industrial and commercial interest in both nanoscience and
its application. Consequently, the opinions and attitudes of patient and citizen associations and
lobbying groups, often reflected and magnified by the media, are likely to make an impact on
public (policy) discussions.
At the organizational level, there are likely to be changes in work processes, discipline
boundaries, professional roles and specialisms among clinicians and biomedical researchers.
New knowledge will be developed and new relationships are likely to arise both between
professionals and between professionals and patients. Cultural issues, especially the great
diversity of attitudes, behaviour and knowledge exchange among professional and nonprofessional staff involved in healthcare, and the impact this has on the quality, efficiency and
organisation of services, will no doubt impact acceptance. Education and training, professional
standards and bodies, rules and regulations, attitudes and behaviour all have an influence here.
Ethical debate and choices will involve citizens and experts, and will have to be conducted in a
spirit of collaboration.
Industrial participation and entrepreneurial initiatives from the scientific community are
already playing a considerable part in the exploitation of healthgrids and nanotechnologies
through marketable solutions. There remain challenges of an economic nature, such as the use
of proprietary software which in general tends to limit interoperability versus an 'open source'
model which may inhibit investment.
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5.

NANOINFORMATICS:
EXTENDING
BIOMEDICAL
34
INFORMATICS TOWARDS NANOMEDICINE

ACTION-Grid is a Support Action (SA) funded by the European Commission (EC) in 20082010. It comprises seven partners: UPM, (ACTION-Grid coordinator), ISCIII, UTalca, HIBA,
HealthGrid and UniZg. ACTION-Grid has been the First European Initiative in Biomedical
Informatics, Grid Computing and Nanoinformatics. In this regard, one of the main scientific
objectives of the ACTION-Grid White Paper has been to analyze the new area of
Nanoinformatics, providing a scientific rationale for future research initiatives in the area that
could be used by the EC and the scientific community, in general, and in the framework of the
EC-supported Virtual Physiological Human (VPH), in particular. While the VPH has already
developed considerable outcomes in the field of modeling and simulations of physiological
processes, interactions with BMI methods and tools have been relatively scarce. In addition,
nanomedicine and nanoinformatics might expand such scope towards the nano level, creating
new scientific challenges for basic and applied research, with clear clinical implications.
In this context, the White Paper mainly targets two kinds of readers: a) researchers aiming to
learn the characteristics of Nanoinformatics and get new insights for their own work —in topics
like BMI, clinical medicine, nanotechnology or biomedical research—, and b) policy-makers
and administrators —like scientific officers of funding agencies like the EC.
Nanoinformatics refers to the use of informatics techniques for analyzing and processing
information about the structure and physico-chemical characteristics of nanoparticles, their
interactions with their biological environments, and their applications. This is an area with great
scientific and technological perspectives, including the informatics area.
From a scientific perspective, this White Paper proposes five Grand Challenges in the
Nanoinformatics area, tightly linked to BMI. They could delimitate a future agenda in the area.
These five Nanoinformatics Grand Challenges are related to: 1) Data and Knowledge storage
and management, including new bio-nano-repositories and the development of new standards in
the field, 2) Nano-ontologies and semantic search and interoperability, providing new
infrastructures and methods for integrating nano-related data and information systems, 3)
Extension of the European Virtual Physiological Human scope, including modeling and
simulation at the nano level —like the activity of nanoparticles in the human body. In this sense,
adding relevant information at the Nano level could provide new insights for understanding the
genotype, providing new foundations and explanations for phenotypical traits, too. In this
regard, we propose the idea of a “nanotype”, which could lead to a large catalog of
nanoparticles and biological targets, their interactions, potential nanotoxicities and relations to
different diagnostic and therapeutic uses. 4) the creation of a new area, that we have labelled as
“Translational Nanoinformatics”, establishing new links between basic scientific research at the
nano level and future clinical applications, and 5) extending traditional Electronic Health
Records to include nano-related information, which can be used for diagnosis, therapy and the
analysis of potential toxic effects of nanoparticles.
While some of these five scientific “Grand Challenges” could be, in fact, difficult to achieve in
the short or mid term —given its ambitious scientific nature—, we propose some related
specific actions and opportunities that can be launched by scientific agencies —like the
34
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European Commission—, focused on more affordable issues, particularly from a administrative
perspective. Finally, with this White Paper we aim to suggest new research directions which can
be helpful to the scientific community, as well as to point out new directions and opportunities
for European R&D in various areas with great academic, economic, scientific and industrial
expectations for the future.

5.1. EXECUTIVE SUMMARY
Introduction and Rationale
ACTION-Grid is a Support Action (SA) funded by the European Commission (EC) in 20082010. It comprises seven partners (see Fig. 1): Universidad Politécnica de Madrid (UPM,
ACTION-Grid coordinator), Spain; Instituto de Salud Carlos III (ISCIII), Spain; Foundation for
Research and Technology Hellas (FORTH), Greece; University of Talca (UTalca), Chile;
Hospital Italiano de Buenos Aires (HIBA), Argentina; HealthGrid (Healthgrid), France and the
Medical School of the University of Zagreb (UniZg), Croatia. ACTION-Grid has been the First
European Initiative in Biomedical Informatics, Grid Computing and Nanoinformatics. With this
broad scope, both in topics and locations, ACTION-Grid has analyzed a wide range of issues,
with its most significant results focused on two challenging areas: a) collaborations between the
European ICT for Health community and researchers from other geographical regions (with
particular focus on reinforcing the role of open source medical information systems and
exchanges with Africa, Latin America and the USA), and b) a prospective analysis of the
foundations and challenges of a new field called Nanoinformatics and its relationships with
Nanomedicine and Biomedical Informatics (BMI). In this regard, one of the main scientific
objectives of the ACTION-Grid White Paper has been to analyze the new area of
Nanoinformatics, providing a scientific rationale for future research initiatives in the area that
could be used by the EC and the scientific community, in general, and in the framework of the
EC-supported Virtual Physiological Human (VPH), in particular.

Figure 15 - Geographical distribution of the ACTION-Grid partners and experts
The VPH was designed a few years ago, with support of the EC, with the vision of supporting
the research and development of patient-specific computer models for personalized and
predictive healthcare and ICT-based tools for modeling and simulation of human physiology
and disease-related processes. While the VPH has already developed considerable outcomes in
the field of modeling and simulations of physiological processes, interactions with BMI
methods and tools have been relatively scarce. In addition, nanomedicine and nanoinformatics
might expand such scope towards the nano level, creating new scientific challenges for basic
and applied research, with clear clinical implications.
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Advances in nanotechnology research, development, translation and regulation are currently
impeded by the lack of a powerful informatics infrastructure which could allow greater
collaboration among the different disciplines, entities and stakeholders engaged in nanoscience
and nanotechnology. To address such issue, a large number of nanoinformatics applications will
be needed. One of the goals of this White Paper is, then, to initiate such a dialogue in the
context of identifying areas of critical needs, critiquing current informatics capabilities with
respect to realistic user scenarios, and collaboratively iterating the design and infrastructures,
tools and applications to satisfy the community of interest’s requirements.
With the above in mind we can see that the White Paper mainly targets two kinds of readers: a)
researchers aiming to learn the characteristics of Nanoinformatics and get new insights for their
own work —in topics like BMI, clinical medicine, nanotechnology or biomedical research—,
and b) policy-makers and administrators —like scientific officer of funding agencies like the
EC. For both kinds of readers, the White Paper includes a broad analysis of the state of the art,
with an analysis of topics like Nanotechnology, nanomedicine, nanotoxicity, and others. Then, a
section called “Grand Challenges”, proposes significant, outstanding scientific topics that can
form the basis for a long-term, ambitious research agenda for researchers in the field of
Nanoinformatics. The next section proposes thirteen concrete objectives which can be used by
funding agencies —like the EC— to establish short and mid term objectives, with a practical
objective in mind. The combination of both —Grand Challenges and Opportunities— can serve
as a Roadmap for the area.
Methodology
The methodology involved dividing the work into two main phases. The initial phase was based
on a generic approach based on information retrieval and analysis of the literature while the
second phase consisted of the generation of the different versions leading to the final White
paper.
In the first phase, to identify gaps and challenges for the future in these research areas, members
of ACTION-Grid gathered information of the state of the art in BMI, Nanoinformatics and
current Grid initiatives in Europe, Latin America and North Africa. In this phase, information
retrieval methods were used to identify and analyze the content of relevant scientific literature
on the subjects of interest. This step was facilitated by the use of informatics tools for
information retrieval and management developed by the consortium. Areas of opportunity were
identified as relevant research topics that were then documented and prioritized. In parallel, the
consortium developed a survey to help determine common areas of interest and relevant
professional groups working in the Grid/nano/BMI fields in Europe, Latin America and North
Africa.The main output of the analysis of the survey results was a preliminary list of topics of
interest that was combined with the information retrieved from mining the literature and the
opinions of experts.
In the second phase, discussions held during the meetings of the ACTION-Grid members
highlighted the distinctive qualities of the Nanoinformatics areas and their potential research
challenges. Then, a draft of the White Paper was first released and iteratively revised and
improved by the consortium. Once a consensus was reached, the document was publicly
disseminated —e.g, through mailing lists and fora, like in AMIA— to obtain feedback. With all
this information, the ACTION-Grid White Paper on Nanoinformatics has been completed.
Nanoinformatics: concept and definition
Nanoinformatics refers to the use of informatics techniques for analyzing and processing
information about the structure and physico-chemical characteristics of nanoparticles, their
interactions with their biological environments, and their applications. Figure 2 schematically
represents some of the links with related disciplines.
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Nanoinformatics can be seen as a newly emerging informatics area at the intersection between
informatics, nanotechnology, medicine and established areas such as biology, chemistry and
physics. The first large official meeting on the topic was held in Virginia in 2007, with support
from the US National Science Foundation (NSF). In 2008, the EC launched the first European
initiative linking Nanoinformatics and BMI, ACTION-Grid. This and other foundational
initiatives emerged to support Nanoinformatics as a discipline designed to support and
accelerate research and developments in nanomedicine.

Figure 16 - Links between Nanoinformatics and other disciplines
We can recognize that a new age is dawning for organizing, interpreting, and predicting the
structure and physical-chemical properties of nanoparticles and nanomaterials. In general terms,
the application of computer technologies, information science and molecular simulations have
arisen as key methodologies for bio-nanotechnology and Nanoinformatics research, suited to
developing qualitative concepts, insights and design suggestions. While BI is usually applied in
the context of analyzing DNA and RNA sequence data, Nanoinformatics is applied in the
context of characterizing particles and materials with applications in nano and biotechnology,
modelling and simulating them at the atomic level. This gives the field great scientific and
technological prospects, especially for its special informatics needs.
Nanoparticles and Nanomaterials
There is a large number of nanoparticle types with possible applications in medicine, such as,
for instance: lipoparticles, fullerenes, carbon nanotubes, quantum dots, paramagnetic
nanoparticles, nanoshells, nanosomes and dendrimers. The long version of this White Paper
includes a description and possible applications. Each of these nanoparticles has its own
physico-chemical characteristics as well as biological properties, which are used for diagnostic
and therapeutic purposes.
Nanomedicine
In spite of the numerous current applications, the biological effects of nano-scale devices and
particles are far from being completely understood. Thus, research in this field is still in its
infancy. The physico-chemical properties of nanoparticles such as their volume, shape, 3-D
configuration, flexibility, electrostatic properties and purity, among others, can strongly
influence their biological interactions in different systems, tissues, organs, cells, organelles and
molecular environments. A nanoparticle can therefore be designed to achieve specific medical
goals based on its novel nanoscale properties coupled with a functionalization that facilitates its
interaction with the different biological environments that it will encounter. This sensitivity of
the efficacy of a nanoparticle formulation to its detailed structure is both its advantage and its
handicap, since nanoparticles are generally polydisperse in structure: there may be large lot-tolot variability and the subpopulation structures may induce different effects. Insufficient
characterization and control of the structure of nanomaterials have been and continue to be
major problems in the development and testing of nanoparticle formulations. This suggests
profound medical implications for nanoparticles and nanodevices, which will require
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understanding critical issues such as the potential toxic or therapeutic effect of nanoparticles. To
effectively and efficiently manage all these data, new informatics tools must be implemented to
archive, access and annotate the relevant data, to couple these data to novel computational
methods to model the relation between nanoparticle structures and their effects in biological
environments, so that their cumulative effect in tissue can be established and linked eventually
to structure/activity relationships and clinical outcomes. Regarding clinical applications, some
nanoparticles and nanodevices have been already approved by the FDA or are in advanced
clinical trials.
A summary of applications of nanomedicine is highlighted in table 1.
Table 11 - Applications of Nanomedicine

Smart sensors
New methods for molecular
imaging
Implantable materials and
devices
Nanorobots
Targeted drug delivery to
diseased tissues
Selective treatment of
diseased tissues
Overcoming solubility
limitations of new and
existing drugs
Gene identification
Gene delivery
Theragnostics

Nanomotors

Examples of applications in nanomedicine
Monitoring bodily function, diagnosing disease states, or controlling
intelligent devices located in hospitals or at home —such as nanowire
systems for diagnosis using a single drop of blood
Early detection of diseases
For tissue repair and replacement and for therapies such as restoring vision
and hearing functions
Devices that combine diagnostic and therapeutic features, such as individual
cell surgery in vivo or improvement of natural physiological function
Using nanoparticles to take advantage of the enhanced permeability and
retention (EPR) effect due to the leaky vasculature and decreased lymphatic
drainage in tumors
Using plasmon resonance absorption of nanoshells to kill cancerous tissues
Nanoparticles and nanosystems designed for drug delivery within cells
Detecting the presence of a sequence in a genetic sample using gold
nanoparticles
Transporting DNA into cells for gene therapy
Already introduced in pharmacogenomics, it associates both a diagnostic
and a new therapy. In nanomedicine it can integrate diagnosis and therapy
into a single procedure involving nanoparticles
Efficient conversion of chemical energy into mechanical work and
potential for self-assembly into larger structures will facilitate hybrid
micromachines, artificial and natural, for repairing neurons or muscles

Regenerative Medicine
Nanoparticle research within regenerative medicine has addressed the development of
entrapment and delivery systems for genetic material, biomolecules, and bone morphogenetic
proteins. Nanotechnology approaches in delivery systems can enhance the efficiency of specific
therapeutic agents, such as growth factors and DNA among others, which are of central
importance for tissue regeneration.
Nanotechnology-related aspects that focus on tissue engineering have evolved into two main
strategies. The first strategy aims to reinforce or enhance nanomaterials for polymeric matrices
useful in 3-D scaffolds whereas the second strategy relies on the development of nanomaterials
that would be able to send signals to the stem cells already present in the diseased or damaged
tissue niches that would then trigger the regeneration process.
Public Health
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In spite of the benefits that Nanomedicine promises to offer, appropriate attention should be
paid to problems that Nanomedicine (or nanotechnology) could lead to, from a broader, public
health perspective:
x

Interaction of biological and artificial nano-structures

x

Biodistribution and degradation of nano-particles

x

Correlation between in-vitro and in-vivo studies

x

Ethical and social aspects of nanotechnology

x

Risk assessment and regulation

x

How to prevent work-related injuries and illnesses

x

Possible toxicity of artificial nano-particles. The next section expands this key issue.

x

Establishment of surveillance systems enabling to monitor all the aspects of
nanotechnology in biomedical research and application.

Nanotoxicity: secondary effects of nanoparticles
In Nanoinformatics, toxicity will play a critical role. There are already databases of toxic effects
such as NIOSH’s, and ONAMI’s toxicity screening using embryonic zebra fish. Researchers
will use nanoinformatics to model and simulate toxicity processes, linking them with actual
patient data from computerized medical records to predict human response. By using advanced
computational methods, researchers can reduce the time taken to translate drugs —
nanoparticles, in this case, which introduce different requirements, leading to “nano-clinical”
trials— from the lab to clinical practice. In addition, such process can be enhanced by using
various in silico techniques.
Connected to this is the fact that, we still lack proper means to study and develop new treatment
options on a large scale. A majority of studies recognize the need for the development of
standardized means to (i) number, describe and classify nanoparticles, (ii) define the ways in
which the particles will be prepared and administered, (iii) develop standards by which these
particles will be analysed, and (iv) develop the means to investigate and monitor safety and
efficacy of these particles. An understanding of biological responses to nanomaterials is needed
to develop and apply safe nanomaterials in drug delivery in the future. Thus, there are clear
consequences for the expansion of the European VPH programme regarding these nano-related
issues —like simulation of the effect of specific nanoparticles in humans.
The basic research question is: “How may risk assessment approaches need to be amended to
incorporate special characteristics of manufactured nanomaterials?”. A framework of underlying
questions remains to be addressed: what are the specific nanomaterial properties that should be
characterized for nanomedical applications? What data are available on Nanomedicine toxicity,
exposure, and environmental fate and transport? Where are the data gaps? How do nanomaterial
characteristics contribute to toxicity in relation to nanomedical applications? How do specific
delivery mechanisms influence Nanomedicine toxicity? How to model and simulate these
processes by means of informatics methods and tools? In this regard, annotating previous
literature is necessary to warn researchers that the models may not be appropriate or that
improper conclusions may have been drawn or that insufficient characterization of the material
was made. The use of text mining techniques, combined with appropriate ontologies can be
useful to extract nanotoxicity information from the literature and make it available to
researchers and health providers which can use it for clinical care and trials.
Biomedical Informatics and Nanomedicine
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Over the past decade, BMI has addressed new scientific challenges associated to the
postgenomic era, particularly in the area of “translational bioinformatics”. This aims to translate
basic biomedical research into clinical applications in the new contexts of genomic and
personalized medicine—for instance, by applying specific biomarkers and new discoveries in
the “–omics” areas towards developing new approaches for diagnosis, therapy and management
for individualized patient care. In this context, we can consider aspects of BMI that can have a
direct link with Nanoinformatics issues.
Structuring information in nanomedicine is essential for advancing research, and for this,
controlled vocabularies and ontologies will be key, but present challenging definitional and
representational problems. New taxonomies and ontologies have been developed, such as the
Nanomedicine Taxonomy (NT) and the Nanoparticle Ontology, and there are proposals to
develop domain ontologies and controlled vocabularies in the area of cancer nanotechnology.
Extensive efforts have been made to characterize, at the experimental level, the fundamental
physico-chemical properties of nanoparticles with potential applications in biomedical sciences.
Because nanotechnology involves a lengthy development pipeline from nanomaterial synthesis
to physical characterization, to in vitro and in vivo characterization, and to clinical application,
information integration will be the key to addressing the needs of this community. Beyond that,
dry bench, or in silico methods, will begin to complement wet bench research, although an
enormous amount of heterogeneous empirical data must be collected in order to produce results
from these methods. In this regard, molecular modelling and simulations offer a unique way to
explore interactions at different scales. Through these simulations, fundamental
physicochemical properties of nanoparticle and other nanoscale systems can be studied. Such
issues have a direct link with the VPH programme.
From a scientific perspective, this White Paper proposes five Grand Challenges in the
Nanoinformatics area, tightly linked to BMI. They could delimitate a future agenda in the area.
Grand Challenges

Figure 17 - Nanoinformatics Grand Challenges

x
x
x
x

1. Data, repositories & standards
Nanoinformatics infrastructure: to collect, curate, annotate, organize and archive the available
data, it is required a federated system of public/private databases with adequate, layered access
control to allow aggregation among public and private data where possible.
Design of extended web nano portals, linking groups and information around the world to facilitate
data sharing —like, for instance, the US cananolab and similar examples at the European level.
Implementation and maintenance of fora as platforms for interactive communication
To build repositories/databases of use cases. For instance, including the use of specific
nanoparticles and their secondary effects during nanoparticle-based therapies. To collect and store
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effects, reactions and toxicity of nano-materials and nano-compounds will be a crucial topic.
Development of platforms for uploading and sharing experiments or databases with nano-data,
facilitating the reuse of the data —like Arrayexpress for genomic data.
To create databases of nanoclinical trials and experiments at the European level, linked to related
initiatives in the USA
2. Interoperability: semantic search and ontologies
Creating a pool of nano-related informatics tools, which can be accessed and retrieved through
specific nano infrastructures
To use web services based on service-oriented architectures using established web standards
To intercommunicate different nanoportals, facilitating rapid exchanges and sharing of data and
other resources
Extended standards for interoperability in the nanoinformatics field.
Development of a taxonomy of research tasks (rather than biomedical resources) in the BMI area
Improved classification approaches —such as proposals for classifications of nanoparticles based
on constituent structures and their properties rather than structural motifs, leading to a possible
future nanoperiodic table— can help to create new hierarchies/taxonomies based on actual physical,
chemical, clinical, toxic or spatial characteristics, added to pure ontological/semantic information
Use of cloud-computing services and supercomputers to carry out complex computational tasks,
such as simulating interactions between nanoparticles and cells of the human body, supporting
research in the area of multiscale modelling.
Interoperability issues should also include communication with and between nanosensors and
nanodevices located in the human body
To establish standards in reporting/publishing results in nano-particle/nanotechnology research

3. Extension of the European VPH programme
In Europe, efforts in the VPH context have been mostly linked with clinical applications. In
contrast, similar efforts in the USA are predominantly done within basic science contexts. However,
both approaches are complementary
Such international context should foster collaborative initiatives to combine research programmes
and exchange data, knowledge and informatics resources, working towards common scientific
objectives. This might include infrastructures for nano-related modeling and simulation as well as
links to required computational resources
BMI researchers have created a large number of models and simulation tools which could be
reused or adapted to nanomedicine. For instance, in the area of visualization, with 3-D
representations of molecular structures
In addition to the VPH programme, there have been great efforts to gather data, models and tools to
link the human genotype and phenotype. This could lead towards a hypothetical, extended
“nanotype” —including an increasing number of descriptions of atomic structures that can be
analyzed and used to anticipate the effect of nanoparticles, for instance, or explain some basic
mechanisms of life and body components. Such a nanotype could include a large catalog of
nanoparticles and biological targets, their interactions, potential nanotoxicities and relations to
different diagnostic and therapeutic uses
Based on such knowledge base, powerful tools could be developed to simulate “in silico” the
effects, reactions or toxicity of new compounds or materials before the “in vivo” studies.
Simulations should consider not only interactions at nano-level but interactions among different
levels. Simulation tools will facilitate the prediction of results before experimental trials are done
Finally, in order to evaluate the effects of the nanoparticles in humans and to predict the effects of
new/virtual possible nanoparticles, it is necessary to start theoretical studies of the interactions
between nanoparticles with the most common components of human cells

4. Translational nanoinformatics
Nanoinformatics might imply a continuum of BMI, but new insights are needed for data and
knowledge integration at the nano level as well as basic research. This might lead to new
biomedical —particularly clinical, applied to patients’ procedures
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The nature of nanomaterials and the unknown effect of many nanoparticles must be addressed prior
to semantic or ontological analyses
A challenging topic is medical imaging. A key issue for nanomedicine is to create new contrast
agents to target specific organs, functions, or cell types. Research in this field covers, for instance,
carriers —magnetic nanoparticles, empty viruses, magnetic bacteria—, therapeutic objectives and
diagnostic applications or combination with external devices —such as MRI, laser, radiotherapy, CT
scan or ultrasound. Major technical challenges include, for instance: a) routine and precise analysis
of biomarkers in biological samples, b) multiplex analysis requiring integrated data processing
capabilities able to carry out sophisticated algorithms, or c) combination of analytical and imaging
technologies —e.g., 3-D in vitro microscopy or in vivo molecular imaging
We still lack a unified theory of biomedical information in an area like BMI. The analysis of
differences between bits and quantum bits —a measure of information at the quantum level—, their
appearance in nature and the diversity of meanings of the term “information” when used in different
applications such as medical records, signals, images, scientific references or news, at various
biological levels, might lead to new insights and research in this fundamental area
5. Linking nanoinformation to EHRs
One of the most clear challenges is how to link nanomedicine-related data to patient EHRs. New
standards will be needed for storing data or augmenting clinical vocabularies and terminologies —
like SNOMED— or for exchanging electronic medical information —like HL7— and how they can
incorporate nano-related information, terminologies and procedures
Questions related to patient safety and possible secondary effects related to the use of nanoparticles
need to be addressed
Previous inventories of biomedical and bioinformatics resources can be reused and extended to
the nano level. Building a catalogue of nanoparticles —like the nanotype— using the extracted
information would enable medical researchers using nanodevices in clinical trials
The creation of large databases that would store nano-related information can be complemented by
new approaches to building EHRs. It will require a collaborative effort from a number of
researchers
New diagnostic and therapeutic methods based on new nanomaterials can enhance recent proposals
for “personalized medicine” —currently mostly being built based on “–omics” advances. New
models of EHRs, including nano information, must be developed for use by medical professionals,
including critiquing systems and aids for decision making and clinical guidelines for patient
management

Key issues for Research and EC Programmes
While the previous section proposed five “Grand Challenges”, from a scientific perspective —
and some of them could be, in fact, difficult to achieve in the short or mid term—, so the
following table (Table 2) proposes a list of some specific actions and opportunities. As can be
seen, there are close links between both proposals, although Grand Challenges are intended to
serve as the basis from which one could advance an area much beyond the state of the art —
with obvious risks— whereas opportunities focus on the most affordable issues, particularly
from the administrative point of view. In this table, five issues are considered:
x

Application and reuse of BMI tools in Nanoinformatics: experiences and knowledge in
BMI that could be applied and reused in Nanomedicine and regenerative medicine.

x

New requirements for BMI to facilitate Nanomedicine and regenerative medicine:
whether BMI includes or not Nanoinformatics as a new subdiscipline is a question that will
be elucidated in the forthcoming years. Meanwhile, there are new challenges and
requirements for linking classical biomedical and new nanomedical information.

x

Information technologies to address ethical, legal, social issues related to nanomedicine
and regenerative medicine

x

Education: incorporation of Nanoinformatics areas into BMI and Nanomedicine in the
traditional medical curricula
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x

International cooperation: web technologies like the Web 2.0 and 3.0 facilitate knowledge
and resources’ reuse and exchange. In this context, more international joint initiatives will
help to establish synergies and avoid duplications of efforts and funding for similar topics.
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35

Creating new infrastructures to facilitate high performance requirements in nanomedicine
research (e.g., cloud computing, Web 2.0 for collaborative research, Grid, etc)
Adaptation of databases and repositories of resources for Nanomedicine, including
biobanks, creating new repositories for nanomaterials characterization and regenerative
medicine methods and platforms for clinical trials involving nanoparticles
Definition of Minimum information standards for nanoparticle characterization and
experiments and publication of results in nanomedicine
Creating ontologies in the areas of Nanomedicine and regenerative medicine —from
scratch or expanding existing BMI ontologies
Development of new imaging methods based on the use of nanoparticles. Adaptation of
DICOM to include nanoimages
Information processing in complex heterogeneous biological systems (EHR for mosaic
genomes, interactions between nanoparticles, alerting systems), including the annotation of
nanoparticles and their effects on biological systems (biomarkers and pathways)
Modeling and simulation of “in vivo” effects —including adverse— of nanoparticles in
living beings, expanding the VPH scope
New models of EHRs to include nano-related information, including Decision Support
Systems and clinical guidelines —e.g., for risk management and nanotoxicity issues— in
the context of Nanomedicine and regenerative medicine
Regulatory aspects (standards, legislation on Nanomedicine and regenerative medicine,
intellectual property, issues related to open data and source tools, quality control and
ecological and economical sustainability)
Incorporation of: a) Nanoinformatics in the Biomedical informatics curriculum and b)
Nanomedicine in the traditional medical education
Establishment of global initiatives for developing new research agendas and standards as
well as exchanging data, methods and informatics resources in the Nanoinformatics area

Research topic

LOW

MEDIUM

MEDIUM
HIGH

LOW

MEDIUM

MEDIUM

HIGH

MEDIUM

MEDIUM

MEDIUM

HIGH

MEDIUM

HIGH

MEDIUM

LOW

MEDIUM

MEDIUM

MEDIUM

LOW

Risk

HIGH

HIGH

Priority
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Reseach Instrument: IP = Integrated Project, STREP = Specific Targeted REsearch Project, CSA = Cooperation and Support Action; NoE = Network of Excellence

International
cooperation

IT for ethical,
legal and social
issues
Education

New
requirements
for BMI to
facilitate
Nanomedicine

Application of
existing BMI
techniques and
methods in
NanoMedicine
and
Regenerative
medicine

Perspective

Table 12 - Priorities in R&D, Research Instruments, possible risks and instruments

CSA

CSA

CSA

IP

IP

IP

STREP

NoE

STREP

NoE

Research
instrument 35
IP

Conclusions
In the White Paper we have shown the potential applications of Nanomedicine and associated
challenges for informaticians. By creating new modelling and simulation methods and tools,
building databases and ontologies and the interoperable infrastructure required to support
research, informatics investigators aim to have a decisive impact on nanomedicine, working in
academic settings, hospitals and industry. However, it is likely that the cost of research in
nanomedicine will significantly increase the cost of biomedical research.
From the perspective of national health systems, the increasing costs of new preventive
approaches (biomarkers, routine genome sequencing, etc) and their application to entire
populations may prove to be such a financial burden that support for personalized medicine will
require new economic models for healthcare. Yet, from a positive perspective, informatics may
be able to help investigate the planning and allocation strategies that could identify those
patients where the benefits of the use of nanomedicine can be anticipated to be most significant,
cost effective, and of human value. At the same time, an adequate information and knowledge
management infrastructure can provide input to improve clinical decisions —by anticipating,
for instance, the possible toxic effects of nanoparticles— and accelerate research projects, like it
happened for the Human Genome Project. Then, we can summarize the different aspects that
Nanoinformatics address and its relevance at the European —and international— level:

Figure 18 – Impact of Nanoinformatics at the European and international level

5.2. INTRODUCTION AND RATIONALE
ACTION-Grid is a Support Action (SA) funded by the European Commission (EC) in 20082010. It comprises seven partners (see Fig. 5): Universidad Politécnica de Madrid (UPM,
ACTION-Grid coordinator), Spain; Instituto de Salud Carlos III (ISCIII), Spain; Foundation for
Research and Technology Hellas (FORTH), Greece; University of Talca (UTALCA), Chile;
Hospital Italiano de Buenos Aires (HIBA), Argentina; HealthGrid (HELATHGRID), France
and the Medical School of the University of Zagreb (UNIZG), Croatia. ACTION-Grid has been
the First European Initiative in Biomedical Informatics, Grid Computing and Nanoinformatics.
With this broad scope, both in topics and locations, ACTION-Grid has analyzed a wide range of
issues, with its most significant results focused on two challenging areas: a) collaborations
between the European ICT for Health community and researchers from other geographical
regions (with particular focus on reinforcing the role of open source medical information
systems and exchanges with Africa, Latin America and the USA), and b) a prospective analysis
of the foundations and challenges of a new field called Nanoinformatics and its relationships
with Nanomedicine and Biomedical Informatics (BMI). In this regard, one of the main scientific
objectives of the ACTION-Grid White Paper has been to analyze the new area of
Nanoinformatics, providing a scientific rationale for future research initiatives in the area that
could be used by the EC and the scientific community, in general, and in the framework of the
EC-supported Virtual Physiological Human (VPH), in particular.

Figure 19 - Geographical distribution of the ACTION-Grid partners and experts
Biomedical Informatics (BMI) is a recent discipline that emerged around one decade ago from
the convergence of Medical Informatics (MI) and Bioinformatics (BI). Figure 6 shows below a
graphical representation of synergies between both disciplines, transferring methods, tools and
basic scientific data and knowledge. In such context, the EC has been particularly active,
supporting the BIOINFOMED study, led by ISCIII (Martin-Sanchez et al, 2004), funding
research projects since 2002, coordination actions and a Network of Excellence,
INFOBIOMED, where some of the partners (ISCIII, UPM and FORTH) actively contributed.
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Figure 20 - Challenges for Medical Informatics /Bioinformatics interactions. From Maojo
and Kulikowski, 2003
The VPH programme was designed a few years later, with support of the EC, with the vision of
supporting the research and development of patient-specific computer models for personalized
and predictive healthcare and ICT-based tools for modeling and simulation of human
physiology and disease-related processes. As stated in the VPH NoE factsheet, “one of the key
challenges in the development of quantitative, integrative and predictive models that describe
human physiology is the provision of the necessary research infrastructure. This includes
methodologies, databases and computational tools, that will allow scientists working in
different scientific fields (at various physiological levels and scales) to communicate,
exchanging data and technologies in a standardized manner” 36 . In this context, the VPH has
evolved to become a global reference, since some related projects are being developed in
countries like the USA and Japan. The EC is already launching programmes to establish
international initiatives in these areas.
While the VPH has already developed considerable outcomes in the field of modeling and
simulations of physiological processes, interactions with BMI methods and tools have been
relatively scarce. In fact, in the first VPH Call, only one project was funded in the period 20082010, directly related to BMI issues: ACTION-Grid. A second Call, published in April 2010,
launched and expanded the original VPH vision, including BMI topics and approaches. In this
context, ACTION-Grid is the only project that relates BMI with Nanoinformatics in the
framework of the EC FP7 programme.
Advances in nanotechnology research, development, translation and regulation are currently
impeded by the lack of a powerful informatics infrastructure which could allow a greater
collaboration among the different disciplines, entities and stakeholders engaged in nanoscience
and nanotechnology. Similarly, nanotechnogical applications in medicine —commonly named
as “nanomedicine”— are attracting a large number of professionals and scientists, given their
promises for future clinical and research applications. To achieve this, a large number of
nanoinformatics applications will be needed.

36

http://ec.europa.eu/information_society/activities/health/docs/projects/fp7/vphnoe-factsheet.pdf
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Despite ample precedent in related fields, only recently has a consensus emerged to address
specific needs in Nanoinformatics and possible collaborative approaches to satisfy them. An
exchange of ideas on informatics requirements among the various communities of interest
would be helpful in developing a broader consensus. One of the goals of this White Paper is,
then, to initiate such a dialogue in the context of identifying areas of critical needs, critiquing
current informatics capabilities with respect to realistic user scenarios, and collaboratively
iterating the design and infrastructures, tools and applications to satisfy the community of
interest’s requirements. The participation of EU and partners and experts from America and
Africa supports such international perspective.
In this “nano” White Paper, we address one of the main objectives of ACTION-Grid. This is an
analysis of the new discipline of Nanoinformatics in the context of both Nanomedicine and
Biomedical Informatics. Throughout the next sections we will provide an overview of
Nanoinformatics, Nanomedicine and Nanotechnology. Then, we will discuss some significant
medical areas and applications of nanomedicine, with a special attention to issues like
nanotoxicity. Then, we analyse key issues that we have studied in the European framework,
taking into account previous experiences from places like the USA.
In this context, the White Paper mainly targets two kinds of readers: a) researchers aiming to
learn the characteristics of Nanoinformatics and get new insights for their own work —in topics
like BMI, clinical medicine, nanotechnology or biomedical research—, and b) policy-makers
and administrators —like scientific officers of funding agencies like the EC. For both kinds of
readers, the White Paper includes a broad analysis of the state of the art, with an analysis of
topics like Nanotechnology, nanomedicine, nanotoxicity, and others. Then, a section called
“Grand Challenges”, proposes significant, outstanding scientific topics that can form the basis
for a long-term, ambitious research agenda for researchers in the field of Nanoinformatics. The
next section proposes thirteen concrete objectives which can be used by funding agencies —like
the EC— to establish short and mid term objectives, with a practical objective in mind. The
combination of both —Grand Challenges and Opportunities— can serve as a Roadmap in the
area.
To avoid an overload of information to those readers who want to obtain a rapid overview of
the area, we have decided to include an executive summary of this document previously
presented within this document and various annexes, where additional information is
available for those interested readers..
5.2.1. Methodology
One of the main objectives of the ACTION-Grid Support Action has been to write a White
Paper to analyse significant aspects in the Grid/Nano/Bio/Medical Informatics areas in order to
detect gaps and to propose possible solutions to bridge the gaps leading to a European research
agenda and a roadmap covering these areas.
To best address the task of writing the White Paper the consortium designed a methodology that
was included in the original proposal of this Support Action (SA). This methodology was later
refined and slightly modified to adjust for a better use of the time and available resources (see
Fig. 7).
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Figure 21 - White Paper development process
The methodology used can be divided into two main phases. The initial phase was based on
general information retrieval while the second phase consisted of the generation of the different
versions leading to the final White paper.
In the first phase, to identify gaps and challenges for the future in these research areas (see Fig.
8), the members of the ACTION-Grid project gathered information of the state of the art in
Biomedical Informatics, Nanoinformatics and current Grid initiatives in Europe, Latin America
and Western Balkans and North Africa.
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Figure 22 – ACTION-Grid target research areas
The first tasks were to use information retrieval methods to identify and analyze the content of
relevant scientific literature on the subjects of interest. This step was facilitated by the use of a
tool developed by the ISCIII (BIKMAS). The areas of opportunity were specified as relevant
research topics that were then documented and prioritized. This initial work was also used to
help the consortium to identify several members of the panel of experts that later, together with
experts already identified by the EU and the Consortium, aided in the task of detecting the
challenges for research described in this document. Their insights have been of great importance
for designing the final research agenda proposed.
At the same time that the literature search was taking place, members of the consortium
developed a survey to help identify common areas of interest among groups working in
different areas of the world, aiding also in the identification of relevant professional and groups
working in the Grid/nano/biomedical Informatics fields in Europe (EU countries and Western
Balkans), Latin America and North Africa and to detect achievements and needs in
biomedicine, covering issues like biomedical data optimization and computer resources,
specifically in the above mentioned geographical areas, analysing how developments in this
same area by European groups can help support their research.
The main output of the analysis of the results of the survey was a preliminary list of topics of
interest that was combined with the information retrieved from mining the literature and with
information obtained through the “Resourceome”—an inventory of Grid/Nano/Biomedical
methods and services developed at the UPM group that ensures the collection of information
resources through Internet search engines (De la Calle et al, 2009). The opinion of experts were
also considered at this time.
The study and analysis of all the obtained information highlighted work and research initiatives
that might have a potential for cooperation between the different countries involved. Once all
the information of the state of the art was analyzed, a questionnaire was developed, designed
and implemented. It contained questions about the current state of relevant topics and about
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opinions for future developments. The questionnaire was then sent to the panel of experts and to
all the partners of the consortium in order to get their responses. The general structure of the
questions included in the questionnaire is shown in the following figure (Fig. 9).

Figure 23 - Structure of the Questionnaire
Then, the results of the questionnaire were compiled and analyzed. The document that included
the aggregated answers to the questionnaires was distributed to all the partners for its review.
The findings were presented in a meeting held in March 2009 in Madrid attended by all the
members of the consortium and the panel of experts. The objective was to prioritize research
lines that are more relevant in these fields of interest. The answers were discussed by the
attendees to the meeting who made suggestions and provided input. The results of this fruitful
collaboration between all the different scientists from different disciplines and work areas were
the research lines proposed covering the Grid/ Nano/Bio/Medical Informatics areas.
The discussion held during the meetings highlighted the singularities of the Nanoinformatics
areas and the possible research challenges that this recent new line of work might have for
scientists to develop applications, methods and tools that will be used in medicine and that will
promote and facilitate understanding and collaboration of scientists all over the world. Then, a
draft of the White Paper was primarily released and iteratively revised and improved by the
partners and experts of the consortium. Once a consensus was established, the document was
publicly disseminated —e.g, through mailing lists and fora, like in AMIA—, to obtain a
feedback. With all this information, the ACTION-Grid White Paper on Nanoinformatics has
been completed.
5.2.2. Nanoinformatics: concept and definition
Over the past two decades, bioinformatics and systems biology have addressed information
challenges in biomedicine at the molecular and cellular level, leading to the sequencing of the
Human Genome and other –omics projects. At a larger scale, or organism level, medical
informatics deals with patient information, whereas public health informatics focuses on their
aggregation at the population level. Recently, Biomedical Informatics (BMI) has emerged to
integrate the fields of Medical Informatics and Bioinformatics. However, new informatics
methods will be needed to deal with phenomena and research at the smallest, submolecular or
atomic levels, expanding the classical scope and vision of classical BMI, as reported elsewhere
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(Maojo and Kulikowski, 2006; Altman et al, 2008) and presented in an earlier workshop 37 . The
new field of Nanoinformatics aims to represent and work with information at the nano level. In
this White Paper, we use the generic name, “Nanoinformatics”, to avoid any premature
overspecialization in a discipline —like medical nanoinformatics or bionanoinformatics— that
still needs to be more completely defined.
Nanoinformatics refers to the use of informatics techniques for analyzing and processing
information about the structure and physico-chemical characteristics of nanoparticles, their
interactions with their biological environments, and their applications. Figure 10 schematically
represents some of its links with related disciplines.
In such context, Nanoinformatics is a newly emerging informatics area, working at the
intersection between informatics (computer science and information technologies),
nanotechnology, medicine and established areas such as biology, chemistry and physics. The
first large official meeting in the field was held in Virginia in 2007, with support from the US
National Science Foundation (NSF). In 2008, the European Commission launched the first
European initiative linking Nanoinformatics and BMI, ACTION-Grid. This and other
foundational initiatives emerged to support Nanoinformatics as a discipline designed to support
and accelerate research and developments in nanomedicine (Baker et al., 2009).

Figure 24 - Links between Nanoinformatics and other disciplines
5.2.3. Nanotechnology
The Nobel Laureate Richard Feynman introduced the concept of “Nanotechnology” in 1959
during a conference at the California Institute of technology. In that conference, Feynman gave
a visionary talk entitled “There is plenty of room at the bottom”, suggesting the idea of
manipulating individual atoms and molecules, foreshadowing the production of materials at the
nanometer scale with promising technical, industrial and biological applications (Drexler,
1992). In retrospect, this event is considered to be the theoretical starting point for the
development of nanotechnology (see Fig. 11).
Since Feynman’s talk, nanotechnology has evolved to encompass not only physics, chemistry,
materials science, engineering, environmental sensing, manufacturing, and quantum computing
but also across-the-board applications of clinical research. Thus, new initiatives have created an

37

http://128.119.56.118/~nnn01/Workshop.html
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international focus on new synthesis strategies, structures, phenomena, and properties associated
with dimensional length scales residing between 1-100nm (Tomalia, 2005).
A new age related to organize, interpret, and predict the structure and physical-chemical
properties of nanoparticles and nanomaterials is starting. In general terms, the application of
computer technologies, information science and molecular simulations have arisen as key
methodologies to bio-nanotechnology and Nanoinformatics research, suitable to produce
qualitative concepts, insights and design suggestions. While BI is usually applied in the context
of analyzing DNA and RNA sequence data, Nanoinformatics is applied in the context of
characterizing particles and materials with application in nano and biotechnology, modelling
and simulating them at the atomic level. In this context, this is an area with great scientific and
technological perspectives, including an informatics perspective.
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Figure 25 - Chronological visualization of relevant Nanotechnology achievements

5.2.4. Nanoparticles and Nanomaterials
There is a large number of nanoparticle types. To describe them in detail is a topic outside the
goals of this document, but however we will provide some significant examples. In addition,
they show the clear chemical basis for a great part of the work carried out for nanotechnology.
Such chemical component is a clear concern for nanoinformatics.
Here we list the nanoparticles and nanomaterials most frequently used in nanomedicine and
provide a brief description of them:
x

Lipoparticles are spherical nanoparticles made of lipid bilayer membranes with an
aqueous interior that can range from 50 nm to 1000nm in size (Banerjee, 2001). The
ability to solubilise integral membrane proteins has applications for microfluidics,
biosensors, high-throughput screening, antibody development, and structural studies of
complex receptors (Kewal and Jain, 2008). They can be used as effective drug delivery
systems. Cancer chemotherapeutic drugs and other toxic drugs like amphotericin and
hamycin, when used as liposomal drugs produce much better efficacy and safety as
compared to conventional preparations (Torchilin et al., 1994; Surendiran et al., 2009).

x

Fullerenes refer to any cagelike, hollow molecule composed of hexagonal and/or
pentagonal groups of carbon atoms , and it is regarded as the third form of carbon after
diamond and graphite (NanoParticleOntology definition)

x

Carbon nanotubes (CNTs) have the shape of cylinders with a diameter measuring
from one to 50 nanometres (Reilly, 2007). They are generally only a few micrometres
long and there are several potential applications for the utilization of carbon nanotubes
within fields of nanotechnology. CNTs can be incorporated into a polymer membrane or
film with as molecular sieves to screen certain biochemicals out of solution. Nanotubes
can be used as stable drug carriers and biosensors. Blood-compatible carbon nanotubes,
with heparin inmobilized on the surface, are building blocks for in vivo nanodevices
and cyclic peptide nanotubes can act as a new type of antibiotic against bacterial
pathogens (Kewal and Jain, 2008).

x

Quantum dots (QDs) are 5 nm high and 100 nm nanoscale crystals. Targeted QDs,
coated with paramagnetic and pegylated lipids, have been developed for detection by
magnetic resonance imaging. They form, for example, the basis for some new types of
laser systems. Quantum dots can be also used for biomedical purposes such as
diagnostic or therapeutic tools. They can be tagged with biomolecules and be used as
highly sensitive probes (Iga et al., 2009).

x

Paramagnetic nanoparticles are being tested for both diagnostic and therapeutic
purposes for cell sorting, protein separation and single-molecule measurements (Kewal
and Jain, 2008). Diagnostically, paramagnetic iron oxide nanoparticles are used as
contrast agents in magnetic resonance imaging. They have a greater magnetic
susceptibility than conventional contrast agents. Targeting of these nanoparticles
enables identification of specific organs and tissues (Cuenca et al., 2006) or to track of
cell migration and distribution, an example of which is stem cell tracking with
magnetodendrimers (Bulte et al., 2001, 2004).

x

Nanoshells refer to nanometer-scale crystalline structures that are formed in the shape
of hollow balls (Kimball, 2005) and they were developed as a new modality of targeted
therapy (Hirsch et al., 2003). They can be targeted to reach the desired tissue by using
immunological methods. This technology is being evaluated for cancer therapy. Gold
Nanoshells are also useful for diagnostic purposes in whole blood immunoassays.

x

Nanosomes also called Probes Encapsulated by Biologically Localized Embedding
(PEBBLEs) integrate various aspects of nanomedical applications such as targeting,
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diagnosis and therapy. These nanosomes are being developed for treatment of various
tumours (Xu et al., 2003).
x

Dendrimers are polymers with geometrically restricted structures, and for this reason
they are one of the most versatile, compositionally and structurally controlled synthetic
nanoscale building blocks available. These polymers possess a well-defined and highly
branched structure with a high degree of control over their size and shape in three
dimensions and hence more uniform properties of dendrimers predestine them for
applications in the biological sector.

After this bried description, we provide an overview of nanomedicine in the next section.
5.2.5. Nanomedicine
Although the term “Nanomedicine” appeared at the end of 1990s in Medline, many earlier
examples can be found in the literature. Table 3, modified from Freitas (Freitas, 2003), shows a
historical reconstruction of some milestones in the area.
Table 13 - Relevant achievements on Nanomedicine since 1978 to present days
Reference
Kreuter, 1978

Topic
Nanoparticle-based drug delivery

Rogers, 1982

Advances in nanoparticle-based drug delivery and
therapies

El-Samaligy and Rohdewald, 1983

Nanocarriers

Douglas et al, 1987

Targeting cancer cells with nanoparticles coated with
monoclonal antibodies.

Nilsson, 1989

Nanoparticle-based immunoassays

Violante, 1990

Diagnostic imaging

James et al., 1994

Doxil, a liposomal formulation of doxorubicin with
lower toxicity, approved by the FDA for Kaposi’s
sarcoma

Truong-Le et al, 1998

DNA-gelatin nanospheres for controlled gene
delivery

Freitas, 1999

Vision of Nanomedicine

Bogunia-Kubik and Sugisaka, 2002

DNA-based computational approaches for
Nanomedicine

Roco, 2003

National Nanotechnology Initiative approved in the
USA

Freitas, 2003

Biocompatibility of nanomaterials

Allen and Cullis, 2004

Nanoparticle-based drug delivery

Jain and Jain, 2006

Thorough analysis of impact of Nanotechnology on
healthcare

Liu et al, 2007

Cancer therapy and diagnosis based on nanoparticles

Gewin, 2009

New nanotechnology applications on medicine
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A search in Medline 38 for the term “nanomedicine” at the time of writing shows 1.536 papers
already published 39 (see Fig. 12).

Figure 26 - Number of publications retrieved from PubMed for the search term
“Nanomedicine” until 2009
In spite of the numerous current applications, the biological effects of nano-scale devices are far
from being completely understood. Thus, research in this field is still in its infancy. The
physico-chemical properties of nanoparticles such as their volume, shape, 3-D configuration,
flexibility, electrostatic properties and purity, among others, can strongly influence their
biological interactions in different systems, tissues, organs, cells, organelles and molecular
environments. A nanoparticle can therefore be designed to achieve specific medical goals based
on its novel nanoscale properties coupled with a functionalization that facilitates its interaction
with the different biological environments that it will encounter. This sensitivity of the efficacy
of a nanoparticle formulation to its detailed structure is both its advantage and its handicap,
since nanoparticles are generally polydisperse in structure: there may be large lot-to-lot
variability and the subpopulation structures may induce different effects. Insufficient
characterization and control of the structure of nanomaterials have been and continue to be
major problems in the development and testing of nanoparticle formulations. This suggests
profound medical implications for nanoparticles and nanodevices, which will require
understanding critical issues such as the potential toxic or therapeutic effect of nanoparticles. To
effectively and efficiently manage all these data, new informatics tools must be implemented to
archive, access and annotate the relevant data, to couple these data to new computational
methods to model the relation between nanoparticle structures and their effects in biological
environments, so that their cumulative effect in tissue can be established and linked eventually
to structure/activity relationships and clinical outcomes.
Regarding clinical applications, some nanoparticles and nanodevices have been already
approved by the FDA or are in advanced clinical trials. For instance, superparamagnetic
38

http://www.ncbi.nlm.nih.gov/sites/entrez
Last access: May 18th 2010. The specific term “nanomedicine” has not been used in many papers that
actually address issues related to nanomedicine. Thus, the actual number of publications could be
considerably larger. This issue will be addressed later in this document, concerning techniques for
semantically searching and mining the scientific literature.

39

82

nanoparticles to detect metastatic lymph node involvement in a variety of solid tumors
(Harisinghani et al., 2003); albumin-nanoparticles bearing paclitaxel for metastatic breast cancer
(Gradishar, 2006); or new devices combining microfluidics and nanosensors are being
investigated for the detection of circulating tumor cells and biomarkers from peripheral blood
(Maheswaran et al., 2008; Nagrath et al., 2007).
A summary of applications of nanomedicine is highlighted in table 4, extracted from (Maojo et
al, 2010).
Table 14 – Applications of Nanomedicine
Examples of applications in nanomedicine

Smart sensors

Monitoring bodily function, diagnosing disease states, or controlling
intelligent devices located in hospitals or at home —such as
nanowire systems for diagnosis using a single drop of blood

New methods for
molecular imaging

Early detection of diseases

Implantable materials and
devices

For tissue repair and replacement and therapies such as restoring
vision and hearing function

Nanorobots

Devices that combine diagnostic and therapeutic features, such as
individual cell surgery in vivo or improvement of natural
physiological function

Targeted drug delivery to
diseased tissues

Using nanoparticles to take advantage of the enhanced permeability
and retention (EPR) effect due to the leaky vasculature and decreased
lymphatic drainage in tumors

Selective treatment of
diseased tissues

Using plasmon resonance absorption of nanoshells to kill cancerous
tissues

Overcoming solubility
limitations of new and
existing drugs

Nanoparticles and nanosystems designed for drug delivery within
cells

Gene identification

Detecting the presence of a sequence in a genetic sample using gold
nanoparticles

Gene delivery

Transporting DNA into cells for gene therapy

Theragnostics

Already introduced in pharmacogenomics, it associates both a
diagnostic and a new therapy. In nanomedicine it can integrate
diagnosis and therapy into a single procedure involving nanoparticles

Nanomotors

Efficient conversion of chemical energy into mechanical work an
potential for self-assembly into larger structures will facilitate hybrid
micromachines, artificial and natural, for repairing neurons or
muscles
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Different taxonomic classifications can be proposed for nanomedicine. Obviously, only after
years of research, it is possible to reach a consensus about which are the concrete topics and
areas that delimitate a concrete field or discipline. In this regard, in Annex 1 we show another
detailed identification of key areas in nanomedicine, following a different criteria.
5.2.6. Regenerative Medicine
Nanotechnology is expected to produce significant advances in regenerative medicine. For
instance, one of the main goals of regenerative medicine targets in vivo regeneration or,
alternatively, the in vitro generation of a complex functional organ consisting of a scaffold made
out of synthetic or natural materials that has been loaded with cells. The application of
nanotechnology to regenerative medicine is growing due to its capacity for producing
nanostructures that are able to mimic natural tissues as well as nanoparticles which can be used
as delivery systems. Some examples of nanotechnology applied into this domain show that it
could enhance the development of regenerative medicine through the functionalization of
scaffolds with different nanomaterials or the entrapment of nanoparticles for molecules delivery,
or nanodevices, such as biosensors.
Nanoparticle research within regenerative medicine has been addressed towards the
development of entrapment and delivery systems for genetic material, biomolecules, and bone
morphogenetic proteins (Reddy et al., 2006; Alleman et al., 1993). Nanotechnology approaches
in delivery systems can enhance the efficiency of specific therapeutic agents, such as growth
factors and DNA among others, which are of central importance for tissue regeneration. Carriers
in the nanoscale enable the intracellular delivery of molecules and the possibility of reaching
targets that are inaccessible normally, such as the blood–brain barrier, tight junctions and
capillaries, whereas the control over biomolecules dosage and delivery regime has increased.
The ultimate challenge is to develop artificial nanocarriers that can target cells with efficiency
and specificity similar to that of viruses (Mastrobattista et al., 2006).
Nanotechnology- related aspects that focus on tissue engineering have evolved into two main
strategies. The first strategy aims to reinforce or enhance nanomaterials for polymeric matrices
useful in 3D scaffolds (Lanza et al., 2000) and the second strategy relies on the development of
nanomaterials that would be able to send signals to the stem cells already present in the diseased
or damaged tissue niches that would then trigger the regeneration process.
5.2.7. Public Health and Nanomedicine
The European Medicine Agency (EMEA) is a decentralized body of the European Union with
responsibility to protect and promote public and animal health, through the evaluation and
supervision of medicines for human and veterinary use 40 . One of the important roles of EMEA
is monitoring the safety of medicines through a pharmacovigilance network. It takes care of side
effects of medicines and can suggest the benefit-risk balance of medical products. It stimulates
innovation and research in the pharmaceutical sector giving advices and protocol assistance as
well as guidelines on quality, safety and efficacy testing requirements. One of such documents
is entitled “Reflection paper on nanotechnology-based medicinal products for Human Use” 41
dealing with nanotechnology in medicine and health care.
A related agency in the USA is the FDA, the federal agency in the Department of Health and
Human Services established to regulate the release of new foods and health-related products.
Adapting to the changing world the FDA recognized the potentials of nanoengineered materials
that will be incorporated in many products that the FDA regulates. Thus, a focused group of
40
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FDA experts, called Nanotechnology Task Force was created and implemented in order to work
on the regulation of products and nanoparticles, an analysis and recommendations for scientific
issues, and an analysis and recommendations for regulatory policy issues 42 .
According to the EMEA and its document Reflection paper on nanotechnology-based medicinal
products for human use (EMEA/CHMP/79769/2006), Nanomedicine can be defined “as the
application of nanotechnology in view of making a medical diagnosis or treating or preventing
diseases”. Nanotechnology is defined (in the same document) “as the production and
application of structures, devices and systems by controlling the shape and size of materials at
the nanometre scale”.
After the analysis of this agency, it was observed that, in spite of the benefits that Nanomedicine
promises to offer, an appropriate attention should be paid to problems that Nanomedicine (or
nanotechnology) could provoke:
x

Interaction of biological and artificial nano-structures (mostly unknown)

x

Biodistribution and degradation of nano-particles (how long we can expect that the
nanomaterials exist in the body and where)

x

Correlation between in-vitro and in-vivo studies (sometimes there is no correlation)

x

Ethical and social aspects of nanotechnology (what is ethical and what is not)

x

Risk assessment and regulation (is it risky, what about risk management)

x

How to prevent work-related injuries and illnesses (because of nanotechnology products
like in occupational health)

x

Possible toxicity of artificial nano-particles (sometimes time is needed for
finding/discovering it). The next section expans this issue.

5.2.8. Nanotoxicity: secondary effects of nanoparticles
In Nanoinformatics, toxicity will play a critical role. There are already databases of toxic effects
such as NIOSH’s 43 , and ONAMI’s toxicity screen using embryonic zebra fish 44 . Researchers
will use nanoinformatics to model and simulate toxicity processes, linking them with actual
patient data from computerized medical records to predict human response. In Europe and the
USA some initiatives —like ACGT (Anguita et al., 2008) and caBIG (McCusker et al., 2009)—
have developed new approaches to data sharing, modelling and simulation of drug delivery and
distributed computing processing over sophisticated Grid-based infrastructures. They aim to
accelerate the clinic-genomic trials needed to ensure drug efficacy and safety. By using
advanced computational methods, researchers can reduce the time taken to translate drugs —
nanoparticles, in this case, which introduce different requirements, leading to “nano-clinical”
trials— from the lab to clinical practice.
One of the main important areas related with Nanomedicine is the one that studies the
toxicological aspects of the nano-components used in nanomedical techniques. Nanomedicine
offers novel approaches to the diagnosis and treatment of disease but it also opens new health
issues that have to be deeply studied before we can consider safe their usage. The interest on
this aspect of Nanomedicine is strongly growing up in last years, as demonstrated by the huge
number of published papers on this topic, addressing both living beings and the environment.

42
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Nanotoxicity currently lacks of standard and well-defined procedures for trials. Some studies
just take into account in vitro results; however, it is needed to contrast them with results
obtained by in vivo tests. In vitro approaches in fact do not consider aspects like biodistribution
or accumulation of nanoparticles in living organisms. These aspects may be critical in order to
verify the harmfulness of a nano-component.
Nanoparticles can enter in an organism through different paths: the respiratory system, by
injection, through digestive system and so on (Oberdörster et al., 2005). Each of these
absorption methods has their own risks depending on the used nanoparticle. It is necessary to
study how nanoparticles interact with different systems and the cells that compose them. The
result of these studies will allow selecting which are the most suitable nanoparticles for each
absorption channel and which are the most effective ones. Results of these studies can be stored
and used for further meta-analysis studies.
An overview of nanotoxicity
The amount of information on nanoparticles toxicity is increasing, suggesting that a wide range
of characteristics may modulate the amount and the dynamics of adverse effects. The initial
results came from both animal studies and in vitro experiments, suggesting that the type, size
and application of various nanoparticles may have different effects on cell cultures.
All these concerns are justified, especially if we know that the small size of nanoparticles may
cause them to be widely spread across the human body, which in turn means that any
nanoparticle may, in essence, affect almost any of the proteins within the human body, either by
increasing, decreasing or completely stopping the protein activity. This means that any future
nanoparticle that may be designed to have a highly specific action must be made to allow it to
ligate with a highly specific target and avoid interactions with all similar proteins, in order to
suppress the side-effects of such a treatment. This may be one of the main line of future research
efforts —developing effective but highly specific nanoparticles that may be used only to
provide effect in the targeted location and not elsewhere. Basic research suggests that a number
of nanoparticles properties may affect this, including the composition, size, charge, and surface
coating of a nanoparticle. Furthermore, such complexes may have different pharmacodynamics
and kinetics, which may be projected using various in silico techniques.
Lack of such knowledge and also not having basic mechanisms identified were the reasons why
a number of researchers have attempted to use animal models in prediction and the application
of nanoparticles in medicine (Fako et al. 2009). This is especially true in the pre-clinical stages
of the treatment development. Numerous barriers were identified, falling in several broad
categories: lack of correlation between the model organism and human metabolism, the
exponential growth of nanotechnology and nanotherapeutical options and lack of rigorous and
robust screening assays and putative standards, which all come down to the main barrier
imitations of the processes that take place in vivo by using in vitro systems (Fako et al. 2009).
While the use of model organisms may indeed bring a number of benefits, their use is fairly
limited. This is related to the possibility that some processes may be different in humans, in a
way that humans live longer than most laboratory animals and different exposure to various
agents and finally that humans may have widely different compensating mechanisms, include
medication. All these issues only strengthen the notion that we are still lacking a proper means
to study and develop new treatment options on large scale. A majority of these studies resonate
the need for the development of standardized means to (i) numerate, describe and classify
nanoparticles, (ii) define the ways in which such particles will be prepared and administered,
(iii) develop standards in which these particles will be analysed, and (iv) develop the means to
investigate and monitor safety and efficacy of these particles (Fako et al. 2009).
It is critical for Nanomedicine researchers as well as for the various stakeholders in the field to
have a clear understanding of both synthetic nanomaterials and biological systems as well as of
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their interactions. Understanding the toxicity mechanisms and effects of nanoscale materials —
nanotoxicology—, is the most critical problem faced by nanomedical technology nowadays.
Managing this information and link it with specific patient data is a direct consequence.
The utilization of specific nanostructures —e.g., quantum-dots (Lim et al., 2003)—, and
fabrication, customization and use of specific nanomaterials are expected to have a tremendous
impact into biology and medicine. However, nano-interventions based on specific nanomaterials
are highly flawed mainly because of their bio-incompatibility or even, because of their putative
inability to confront with the physical laws at the nanoscale that make them non operational.
Moreover, there are various nanoscale materials for biological applications that failed because
of their toxicity (Lam et al., 2004). This is due to the complexity of living organisms that makes
difficult to predict the consequences (i.e., adverse reactions) of a material on biologic
systems—the toxicity of some nanomaterials is very complex and can involve specific
interactions between biological and synthetic materials. All these issues point out towards the
use of diverse informatics methods and tools to address research.
However, so far, complete knowledge for the possible (adverse) reactivity of nanoparticles is
lacking and we have little understanding of the basics of the interaction of nanoparticles with
living cells, organs and organisms. A conceptual understanding of biological responses to
nanomaterials is needed to develop and apply safe nanomaterials in drug delivery in the future.
Furthermore a close collaboration between those working in drug delivery and particle
toxicology is necessary for the exchange of concepts, methods and know-how to move this issue
ahead (De Jong and Borm, 2008). As stated in other parts of the proposal, there are clear
consequences for the expansion of the European VPH programme regarding these nano-related
issues —like simulation of the effect of specific nanoparticles in humans.
Then, it is necessary to put into place measures that identify the hazards associated with novel
nanotechnology-based therapies, characterize the associated risks, reduce those risks as far as
reasonably practicable, establish a positive risk/benefit balance, and communicate the nature of
any residual risks and other relevant safety information to doctors, patients and other key
stakeholders. There is a possible role for standards in this process. A harmonized systematic risk
management standard already exists for medical technology products and could form the basis
for a risk management protocol for medical nanotechnology. In addition, existing harmonized
standards related to biological safety could be reviewed and revised as necessary to take into
account the specific characteristics of medical nanotechnology products (European Technology
Platform on NanoMedicine, 2005).
In this regard, annotating previous literature is necessary to warn researchers that the models
may not have been appropriate or that improper conclusions may have been drawn or that
insufficient characterization of the material was made —all the curation issues for data. The use
of text mining techniques, combined with appropriate ontologies —like the NPO and others
from the OBO Foundry— can be useful to extract nanotoxicity information from the literature
and make it available to researchers and health providers which can use it for clinical care and
trials. Members of the ACTION-Grid consortium are currently completing research in these
issues, from a Nanoinformatics perspective, aiming to show the potentialities of computing
approaches to manage the large amount of nanotoxicity data that can be generated in the area.

The target
The basic research question is, “How may risk assessment approaches need to be amended to
incorporate special characteristics of manufactured nanomaterials?” A framework of
underlying questions remains to be addressed: What are the specific nanomaterial properties that
should be characterized for nanomedical applications? What data are available on
Nanomedicine toxicity, exposure, and environmental fate and transport? Where are the data
gaps? How do nanomaterial characteristics contribute to toxicity in relation to nanomedical
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applications? How do specific delivery mechanisms influence Nanomedicine toxicity? What is
the role of concurrent exposures to multiple nanomedicines and pharmaceuticals? How to
model and simulate these processes by means of informatics methods and tools?
The potential of toxicogenomics-based methods to alternative testing and regulatory assessment
processes is broad. Even if high-throughput pattern recognition–type techniques are not
considered to be ready to fully replace traditional bioanalytical methods for predicting toxicity
the alternative is quite promising. Examples might include, but would not be limited to,
obtaining microarray data from individual in vivo bioassays or in vitro cells or tissue-based
assays or from batteries of assays, using conventional or high-throughput approaches. At the
present time, toxicogenomics data derived from in vitro systems have been considered to exhibit
limited utility in regulatory applications. However, a great deal of interest exists for the further
development of in vitro–based toxicogenomics methods, for an examination of their potential
applicability in the regulatory arena, and for an appraisal of their potential for contributing to
improvements in animal welfare. It can be foreseen that technological advancements will
ultimately facilitate the use of in vitro–based methods as adjuncts to or surrogates for in vivo–
based methods. Possible areas where validated in vitro–based toxicogenomics test methods
might play a future role include (a) preliminary assessments (prescreens), (b) complementary
testing that might assist in obtaining additional (e.g., mechanistic) information, and (c) surrogate
tests that could help in the refinement, reduction, and replacement of animals used for ‘omics’based or traditional testing methods. One exciting aspect of toxicogenomics technology is the
prospect of being able to identify species’ differences and/or similarities in the responses (Corvi
et al., 2006).
5.2.9. Biomedical Informatics and Nanomedicine
Over the last decade, BMI has evolved to address new scientific challenges associated to the
postgenomic era, particularly in a wide area which has been named “translational
bioinformatics” (Butte, 2008). Researchers working in this area aim to translate basic
biomedical research into clinical applications in the new contexts of genomic and personalized
medicine. For instance, by applying specific biomarkers and new discoveries in the “–omics”
areas towards developing new approaches for diagnosis, therapy and management to be used
and adapted for individualized patient care (Frey et al., 2007). In this extended BMI context, we
consider below various concrete aspects of classical areas and topics of BMI that can have a
direct link with Nanoinformatics issues.
Databases and Ontologies
Ontologies, which describe classes —e.g., species, organisms, and their organs, tissues and
cells— with their properties and relationships in real-world contexts, have proven to be an
important computational approach for systematizing knowledge —particularly in biomedicine
(Smith et al., 2007). They have become a fundamental technology for structuring knowledge
and, therefore, facilitating system interoperability, information retrieval and more semantically
informed search. Thus, they are central to the development of the Semantic Web 45 .
Structuring information in nanomedicine is essential for advancing research. For this, controlled
vocabularies and ontologies will be key, although there are still challenging definitional and
representational problems. The MeSH term “nanoparticle” was introduced in 2007 46 . In
addition, new taxonomies and ontologies have been developed, such as the Nanomedicine
Taxonomy (NT) (Gordon and Sagman, 2003) and the Nanoparticle Ontology (NPO) (Thomas et
al, 2010). Since NPO is a domain ontology, —developed at Baker’s lab at the University of
45
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Washington— there are proposals to develop domain ontologies and controlled vocabularies in
the area of cancer nanotechnology, with support from the NCI, and other initiatives, such as an
ontology for discovery of new nanomaterials, a functional ontology, the Nanotech Index
Ontology, an atlas of nanotechnology or BiomedGT, to translate among different ontologies
(Baker, Fritts et al, 2009).
A requirement for the informatics infrastructure is to provide a semantically rich mechanism to
search for and retrieve data within a set of federated databases and systems. This implies
methods to map among the keywords, vocabularies, taxonomies and ontologies describing the
metadata employed by each of the database systems as well as advanced methods that allow for
building logically linked, range-limited searches using valid values for nanomaterial properties
and measurement data, and including curated annotation and comment. Ontology development
for different namespaces is therefore a critical requirement. A key capability to specify
nanomaterial structural motifs of interest would be to provide the capability to discern
correlations among nanoparticle structures and functionalizations and their activity in specific
environments. A nanomaterial registry would be mandatory to begin to establish the link
between metadata descriptions and the actual nanomaterial tested, the effect of differences in
similar structures on their activity, the lot-to-lot variation in manufacture and resultant
difference in test results, and the establishment of unique identifiers for study material and
standard reference material. The Nanoinformatics system should also aid in establishing
nanomaterial repositories to be used in storing and delivering study material for interlaboratory
tests, in conducting those tests and analyzing their results. Again, in the example of
Nanomedicine, searches based on patient genetic and diagnostic information would enable the
development of personalized, targeted treatments and a reduction in undesirable side-effects.
Ontologies are also important for developing new nanoportals, following other successful BMI
initiatives such as BioPortal (Noy et al., 2009). These kinds of nanoportals will benefit from
recent research on standards for interoperability, text mining and collaborative approaches such
as those proposed in the framework of the social-network oriented Web 2.0. In this context,
distributed researchers can collaborate remotely to develop ontologies, databases, modelling and
simulation software tools or even engineer nanoparticles. All this information can be shared,
reused and discussed and analysed by other users later, leading to new scientific insights
(Gowers and Nielsen, 2009).
Ontologies are playing an important role in the emerging field of nanoinformatics (Thomas et
al, 2010). Recent research has been focused on developing databases for storing cancer nanorelated data, for catalyzing discovery by bringing together the key knowledge in
nanotechnology into various resources —like the caNanoLab project. In this regard, databases
must be complemented by a common vocabulary or ontology that can facilitate data sharing and
integration of nanotechnology information.
Interoperability and integration
Over the past few years the field of data integration has evolved from its original clinical and
genomic emphases to address multilevel integration down to the molecular level. For instance,
members of the consortium have carried out research to integrate genomic with medical
information systems (Perez-Rey et al., 2006; Alonso-Calvo et al., 2007). This process has
proven to be more difficult than anticipated, due to a variety of reasons. From a computational
perspective, heterogeneity must be addressed at both the syntactic (hardware and software) and
semantic levels. For instance, some medical information systems can run on PCs, with
Windows, whereas others run on UNIX workstations. Furthermore, semantic differences can
prevent automatic integration. For instance, what is named “fever” in one database can be
named “febrile process” in another one. The Unified Medical Language System has been
developed to be a common vocabulary framework to help computers communicate and
interoperate.
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From a computational perspective, data integration at the nano level poses even more difficult
informational challenges that must be addressed —parallel to those faced at higher scales by
bioinformatics and medical informatics. These include, for instance,
x

The development of central repositories of nanoparticles data (such as GenBank for
nucleotide sequences or PDB for structures), and specific databases (the thousand plus
public databases with “–omics” data)

x

Standards for information storage and exchange at the nano level (such as HL7 for
health information or DICOM for images)

x

Domain nano-ontologies —like Gene Ontology for genomics—, terminologies and
vocabularies —like LOINC for laboratory data, SNOMED for clinical terminology or
the Unified Medical Language System.

x

Tools for decision support —like expert systems or those based on data mining, but
working on an even more rapidly changing nanomedicine.

For nanomedicine research, there are today many disparate sources of information. For instance,
researchers of the consortium at the University of Talca, in collaboration with members of the
Advanced Biomedical Computing Center at the NCI, have developed a pilot database of
nanoparticle structures, currently containing 5 different categories: carbon nanotubes,
dendrimers, buckyballs, gold particles and mag probes. To include a new nanoparticle structure,
3 steps are followed: 1) insert a new molecular structure for the nanoparticle, 2) simulate the
structure in a specific realistic biological environment, and 3) display time dependent 3-D
renderings of the nanoparticles during simulation, and extract useful data from the simulations
and the nanoparticle conformations and reactions with the environment to aid in extracting
candidate structural motifs responsible for their particular activity. The database contains 4
categories of data: properties (authors, physical and chemical properties), low-energy
configurations, associated files and technical information. Researchers can contribute by adding
new nanoparticle structures and information to the database, by using available structures in
additional computations, in annotating existing structures and results, and by initiating
collaborative modelling exercises through the use of a wiki interface 47 .

Figure 27 - A screenshot from the Nanoparticles database built by an ACTION-Grid partner
(Talca) for the NCI
To locate information that is available at multiple sites over the Web, bioinformaticians have
developed catalogues and inventories of resources, such as BioPortal (Noy et al., 2009), the
47
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Bioinformatics Links Directory (BLD) (Brazas et al., 2008) or the catalogue available at the
European Bioinformatics Institute 48 . Based on text mining techniques, members of ACTIONGrid have built a new approach to automatically create a searchable index of bioinformatics
resources, with information automatically extracted from abstracts of research papers using text
mining techniques (De la Calle et al., 2009). The authors are currently building a nanoinventory
of resources from the literature (Chiesa et al., 2008), where they have faced the large variations
that researchers follow for publishing their results. As regards, the bioinformatics community
has worked to develop consensus towards publishing –omics information in the literature. So,
studies, design descriptions, methods, results and structured abstracts follow standard
procedures for publication. This has yet to be done for Nanoinformatics (Chiesa et al., 2009).
Annex II shows a list of informatics resources for the nano areas.
Modelling and simulation: Key techniques to understand fundamental physicochemical
properties of nanoparticle and other nanoscale systems
Molecular simulation techniques depend on the structure of the biomolecular system to be
modelled. So, much attention has being paid to develop databases to contain molecular structure
data. Since the primordial research efforts dedicated to produce crystallographic structures of
biomolecules in the 1970s, public databases such as Protein Data Bank 49 (Rutgers University,
The State University of New Jersey and the University of California, San Diego, USA), compile
more that 62.000 biomolecular 3D structures (near to 35.000 unique structures). However, the
growth of unique folds at PDB and the results of international joint efforts as the Structural
Genomics Project (Sali et al., 2007; Lundstrom, 2007; McGuffin, 2002), demonstrate that we
know only a proportion of the different architectures and macromolecular arrangements in the
human body. Moreover, the complexity of the intracellular environment complicates the
crystallization for many proteins. As a consequence, membrane integral proteins such as
channels and other transporters are usually under-represented in databases as PDB.
Based on a seminal work from the decade of 1980s that demonstrated that the structure is more
conserved than sequence (Chothia et al, 1986), new methods to produce molecular models
based of reference structures were developed (Sali, 1993). These methods, commonly known as
comparative modelling techniques, are suitable under some restrictions, to produce models able
to be used as sources for protein engineering (Colombres et al, 2008), computer based drug
design (Lagos et al., 2008), to explore structure-function relationships (Ehrenfeld et al, 2008),
and to explore signal-transducing mechanisms (Strobel et al, 2004), among a variety of
applications. Figure 14 shows a variety of applications for comparative modelling techniques.

48
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Figure 28 - Comparative modelling applications. A variety of scientific and biotechnological
applications have been reported for comparative modelling procedures. As denoted on this
classical figure, the validity of applications depends on both the resolution of the
crystallographic structure used as template, and also from the sequence identity of the reference
structure with the protein to be modelled. The model accuracy was incorporated by the authors
to obtain a qualitative idea of the models’ quality to generated by the left-most methodology
Extensive efforts have been made to characterize, at the experimental level, the fundamental
physico-chemical properties of nanoparticles with potential applications in biomedical
sciences. However, all these efforts have faced the limits of current experimental techniques,
because the “nanoscale” has proven to be too small for light microscopy, while too amorphous
for x-ray crystallography, too heterogeneous for NMR and too ‘wet’ for electron microscopy
(Lu, 2006). Under these circumstances, molecular modeling and simulation techniques have
arisen as key methodologies to bionanotechnology research, suitable to produce qualitative
concepts, insights and design suggestions. Thus, quantum mechanics, molecular modeling and
molecular simulation techniques provide representations of nanosystems at the atomic level
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with electronic resolution, offering a suitable framework for the characterization of diverse
nanosytems’ physico-chemical properties. Advancing in these efforts, the report of several
molecular dynamics (MD) simulations of nanoparticles and other nanosystems demonstrated the
suitability of these computer-based techniques to explore and understand basic properties of
nanoparticles and nanomaterials (Khurana, 2006). Moreover, these tools provide a unique
source of information not only to model basic nanoparticles properties, but also to gain insight
into the interactions with biological systems. The application of computer-intensive methods
like hybrid quantum mechanics and molecular dynamics (QM/MM) simulations, enriched with
proper algorithms to efficiently sample the vast conformational space, will permit the
characterization of a wide variety of nanoparticle properties, obtaining insights into the
biological phenomena that allow nanoparticle recognition by physiological systems (Archakov,
2007).
In this regard, molecular modelling and simulations offer a unique way to explore interactions at
different scales that range from thousand of atoms, to even millions of them. Through these
simulations, fundamental physicochemical properties of nanoparticle and other nanoscale
systems can be studied. The ever-increasing capacity of supercomputers together with a
systematic price reduction will allow the expansion of molecular simulations to different
nanotechnology fields.
After this chapter, the following section presents what we consider as “Grand Challenges” in the
Nanoinformatics field, from a scientific perspective. As usually considered, these Grand
Challenges suggest short, mid and long term research objectives, with different degrees of
realization. Some of them can be particularly challenging and should not be considered as an
imperative suggestion for supporting research in the field with immediate expected positive
outcomes. Like in all these kinds of similar proposals made in a new field, they can lead to
outstanding achievements and advances, but they also imply high risks due to their inner
uncertainties and difficulties. Nevertheless, they also present fundamental scientific issues that
can create a whole agenda for future research.
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5.3. GRAND CHALLENGES

Figure 29 - Nanoinformatics Grand Challenges
Grand Challenge 1. Data, repositories, standards
Currently, there is fairly wide agreement on the lack of reliable, curated data in nanotechnology.
Previous work in the –omics area has shown that data cannot be automatically integrated. For
instance, with microarray area, minimum information standards (e.g., MIAME, the “Minimum
Information About a Microarray Experiment” that is required to enable the interpretation of the
results of the microarray experiments) specify basic procedures for collecting and sharing data
from diverse laboratories. In 2008, the Minimum Information for Nanomaterial Characterization
(MINChar) Initiative launched a process for developing a similar standard for nanotoxicology
studies 50 .
Discussion of “minimum required characterization” for nanomaterials has been ongoing for the
last few years, and interlaboratory testing has been initiated to quantify the accuracy of current
measurement methods and protocols. However, because of a previous lack of adequate
characterization of nanomaterials, especially with respect to structure, polydispersity, purity,
stability and lot-to-lot variability, the amount of publicly available data that can be used to
correlate the structure of a nanomaterial with its activity is small. Furthermore, there remains a
lack of:

50

x

reference materials to establish measurement reproducibility

x

standard protocols with controls for interference by the nanomaterial,

http://characterizationmatters.org/
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x

measurements of the sensitivity of a nanomaterial’s effects within realistic biological
environments to variation in composition and environmental and test conditions,

x

QSAR of nanoparticles by using complex network theory similarly to what is done in
small/macromolecule QSAR models (Vázquez et al., 2009; González-Díaz et al., 2009).

Without such data about the relationships between the structure of nanomaterial and its activity,
rational design of nanotechnology-enabled products is not possible.
The most urgent need for a Nanoinformatics infrastructure is therefore to collect, curate,
annotate, organize and archive the available data. There must be a common understanding of the
characterization required to provide sufficient knowledge of both a material’s structure and its
activity in different biological environments, cell lines and animal models, interlaboratory
testing to quantify the error, uncertainty and sensitivity of the data, and study materials to
support those tests as well as instrument and method calibration. In addition to archiving the
data, expert annotations and analysis regarding its quality and extent of validity, the
infrastructure should allow for a federated system of public/private databases with adequate,
layered access control to allow aggregation among public and private data where possible. For
example, in Nanomedicine this data would include the results of pre-clinical and (blinded)
clinical trials to allow for establishing correlations of benefit and risk across populations and
sub-populations.
Related to the above, several ideas for further research can be usefully considered:
a) Design of extended Web nano Portals —linking groups and information around the
world— to facilitate data sharing (recent literature, tutorials, papers, links and access
points to nanomedical database, jobs, and news, updated daily) in the research
community to expedite and validate the use of nanoparticles, nanomaterials and
nanosystems in Biomedicine. Through these portals, new collaborative projects and
activities can be launched on a variety of topics —such as ontology and standards’
development, exchange of nanotoxicity information, etc.
An example of current facility, already available —in the USA—, is the cancer
Nanotechnology Laboratory portal (caNanoLab) (https://wiki.nci.nih.gov/display/ICR/
caNanoLab). It provides secure support for data curation, annotating nanoparticles with
information derived from physical and in-vitro nanoparticle assays and the sharing of
these characterizations and related protocols. caNanoLab has developed through
collaboration between the NCI Center for Biomedical Informatics and Information
Technology (CBIIT) which developed caBIG (the cancer Biomedical Informatics Grid
and NCI’s Alliance for Nanotechnology in Cancer (http://nano.cancer.gov) which
includes the Cancer Centers of Nanotechnology Excellence (CCNEs) and the
Nanotechnology Characterization Laboratory (NCL). The Collaboratory for Structural
Nanobiology (CSN) is a pilot which supports sharing of structural models of
nanoparticles and predictive computational modelling. Another initiative of interest,
previously mentioned is Nanohub, a resource for nanoscience and technology created
by the NSF-funded Network for Computational Nanotechnology. It includes
applications, professional networking, and interactive simulation tools for
nanotechnology.
Similar and expanded examples can be developed at the European level, supporting
researchers working on classical nanotechnology topics but also those related to
nanomedicine and nanoinformatics. These initiatives could then be collaboratively
linked and improved.
b) Implementation and maintenance of forums as a platform for interactive communication
to discuss the new possibilities offered by nanotechnology in medicine, thus promoting
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the process of technology transfer from academia to the market through
Nanoinformatics.
c) Significant increases in requirements for data storage will arise from the very large and
rapid accumulation of data and information at the nanoscale. To facilitate this
requirement new methods for managing calculations of physical and chemicals
properties of data of nanostructures and nanomaterials and statistically robust
information and mathematical models from clinical Nanomedicine (Bewick et al, 2009)
will be needed. Other applications like high throughput experimentation/discovery,
desirable tools as visual analytics of nanoimages (Brendan et al, 2007) and data mining
of biomedical data will require the creation and implementation of systems and tools for
sharing and storing this information. The development or expansion of databases or
repositories for nanoparticles, and, for example, their nanotoxicity, will allow the
exchange of information about the 3-D structural and data about the physical and
chemical properties of nanoparticles with biomedical applications, such as dendrimers,
nanotubes, metal particles or quantum dots, among others. In the nano area,
repositories/databases of nanoparticles (carbon, gold, etc) being used in medicine can be
used for annotating information from papers and research projects as they impact
biomedicine. Attributes of nanoparticles, defined by experts in nanotechnology will be
associated with their biomedical effects —e.g., defined by clinicians.
d) To build repositories/databases of use cases, that can help in collection and storage. For
instance, use of specific nanoparticles and their secondary effects during nanoparticlebased treatments, and could involve animals used in experiments, humans treated with
specific nanoparticles for diagnosing/treatment, clinical cases etc. Attributes of such
cases should be defined by experts from nanotechnology and medicine. Currently there
are a number of examples of repositories in biomedicine. For instance, genome
databases provide views for a variety of genomes, complete chromosomes, sequence
maps and integrated genetic and physical maps. Databases are organized into six major
organism groups: Archaea, Bacteria, Eukaryotae, Viruses, Viroids, and Plasmids and
include complete chromosomes, organelles and plasmids as well as draft genome
assemblies. In the nano area, table 6 showed examples of databases. Such repositories
could be used for clinical practice and research.
e) Development of platforms for uploading and sharing experiments or databases with
nano-data, facilitating the reuse of the data (like ArrayExpress for genomic data).
f) To create databases of nanoclinical trials and experiments at the European level, linked
to related initiatives in the USA, linked to a specific taxonomy/ontology in this issue —
or an extension of the NPO, adapted for this topic.
Grand Challenge 2. Interoperability: semantic search and ontologies
Structuring nanomedical knowledge is essential for advancing research. For this reason, new
taxonomies and ontologies such as the Nanomedicine Taxonomy (NT) and the NanoParticle
Ontology (NPO) are under development. NT creates a structured description of the areas
included in nanomedicine. This taxonomy has been produced by the Canadian NanoBusiness
Alliance and proposes a two level classification. The first level represents more general fields –
e.g. implantable materials, Surgical Aids, Diagnostic Tool, etc. Each category contains more
specific subclasses. NPO is an ontology created with the purpose of capturing the knowledge
related to nanoparticles, based on the physical, chemical and biological/functional
characterization of those particles. NPO has been developed at the Washington University. NPO
is seeking to be adopted as a standard by the National Cancer Institute (NCI).
Ontologies are already significantly helping researchers in nanoinformatics-related tasks. In the
cancer area, Thomas et al. (2010) have proposed the use of the NPO for cancer research in a
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recent paper, just electronically published at the time of writing. According to these authors, the
NPO is being developed for informatics tasks such as “facilitating interdisciplinary discourse
among research groups, enabling semantic interoperability among applications and resources
that store and exchange nanomaterial and nanoparticle data, and providing knowledge support
for data annotation in order to facilitate semantic integration, knowledge-based searching,
unambiguous interpretation, mining and inferencing of data”. In this connection, efforts like the
NPO can decisively contribute to informatics tasks such as data collection, information
classification, search and retrieval, data and text mining. By annotating nanoparticles,
researchers can access information from previous research and carry out new analyses
attempting to discover new knowledge that might be hidden in such information. Developing
new ontologies at the nano level and linking them with others —e.g., from the OBO foundry—
is a challenging task that is expected to lead to new ways of carrying out research in these areas.
In this regard, the consortium has carried out research on text mining methods to extract useful
nanotechnology information from the literature, such as resources —software, databases, etc—
and link them with clinical information.
Because nanotechnology involves a lengthy development pipeline from nanomaterial synthesis
to physical characterization, to in vitro and in vivo characterization, and to clinical application,
information integration will be key to addressing the needs of this community. Beyond that, dry
bench, or in silico methods, will begin to complement wet bench research, although an
enormous amount of heterogeneous empirical data must be collected in order to produce results
from these methods. This will be one of the central challenges for nanoinformatics.
In this regard, semantic interoperability of heterogeneous information systems containing nano
and other information will be a key issue in Nanoinformatics, as it has been in Biomedical
Informatics. Some possible ideas regarding interoperability are outlined below:
x

Creating a pool of nano-related informatics tools, which can be accessed —and
retrieved for a limited number of uses— through specific cloud computing or Grid
infrastructures. These infrastructures could be also useful for tasks such as:
o
o

o

To store nano-related data —e.g., databases, nanoparticle visualizations, other
informatics resources—
To create collaborative environments where researchers can exchange, data,
information and opinions. These opinions can be, later, mined to obtain
additional information about the overall scientific process. In this regard,
Gower and Nielsen (2009) have recently reported a challenging experiment in
the Nature journal. After carrying out collaborative research in the Math field,
they were able to analyze the records of the collaborative sessions, extracting
interesting conclusions about the scientific and discovery processes that took
place in this research.
To access concrete software tools, and use them on-demand for specific and
concrete uses

x

Facilitating access to supercomputer facilities through other platforms or infrastructures
—like it happens in the previously mentioned Nanohub.

x

To use web services based on service-oriented architectures using established Web
standards. Web services are completely platform-independent and can be deployed and
invoked from any platform or architecture. Although they provide an underlying basis
for designing Web architectures, new standards for dealing with semantic heterogeneity
are still under debate and new integrating technologies and standards would be required.
Without such technologies, biomedical informaticians could create thousands of
databases and information sites, whose integrated access would be almost impossible.
This need will be even greater within the framework of nanomedicine, where very
heterogeneous information and many other data and systems should be integrated.
97

51

x

To inter-communicate different Nanoportals, facilitating rapid exchanges and sharing of
data and other resources.

x

Extended standards for interoperability to address specific needs of the nanoinformatics
field.

x

Development of a taxonomy of research tasks (rather than biomedical resources) in the
BMI/bioinformatics area. Classes belonging to the taxonomy (i.e. research tasks) could
also include a declarative description describing the functionality provided by the
available resources specifically designed to carry out that particular task. Ideally, all
resources classified under this category must implement the provided
specifications/interfaces. In this regard, it could be possible to create of a standard
description language (possibly based in XML) to describe the functionalities provided
by the different resources. Data-related interoperability issues that may arise when
connecting resources at the nano level to other resources at different levels can be
resolved by using custom wrappers created by reusing existing database integration
techniques. Finally, it could be possible to create methods for the automatic
composition and orchestration of resources into scientific workflows, based on the
domain model, to solve more complex problems or to obtain more powerful tools and
resources.

x

An approach to building a classification of nanoparticles based on nanoparticle
constituent structures and their properties rather than structural motifs has been
proposed by Tomalia (Tomalia, 2009). Based on the intrinsic properties of
nanoelements and nanocompounds, Tomalia anticipates a future nanoperiodic table (or
tables). The European Commission and several US agencies have launched
collaboration for the development of inventories of nanoparticles, including techniques
for modelling relationships between nanoparticle properties and toxicity and the
interaction of nanoparticles with biological systems 51 . Such improved classification
approaches can be very helpful to create new hierarchies/taxonomies based on actual
physical/chemical/clinical/toxic/spatial
characteristics,
added
to
pure
ontological/semantic information. Therefore, it can be expected that a large number of
information resources, organized by different methods and characteristics, will be soon
available for researchers, facilitating research.

x

Study of the heterogeneities that arise when working with nano-databases together with
“traditional” databases. These heterogeneities must be identified and solve in order to
allow end-users to have homogeneous access to these resources and be able to perform
data mining techniques

x

Use of cloud-computing services and supercomputers to simulate interactions between
nanoparticles and cells of the human body. End-users would be able to set up simulation
experiments in their terminals, launching the actual simulation in the supercomputer and
retrieving the results later. Such long-term goal could support the necessary research to
be done in the area of multiscale modelling.

x

Interoperability issues should also include communication between nanosensors located
in the human body and traditional systems for measuring human body parameters (study
ways of enabling transmission of information from the nanosensors to the measuring
systems)

http://cordis.europa.eu/nanotechnology/src/safety.htm
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Grand Challenge 3. Extension of the European VPH (Virtual Physiological Human)
Programme
The VPH programme developed a few years ago, with support of the European Commission,
with the aim of facilitating the research and development of patient-specific computer models
for personalized and predictive healthcare and of ICT-based tools for modelling and simulation
of human physiology and disease-related processes. As stated in the VPH NoE factsheet, “one
of the key challenges in the development of quantitative, integrative and predictive models that
describe human physiology is the provision of the necessary research infrastructure. This
includes methodologies, databases and computational tools, that will allow scientists working in
different scientific fields (at various physiological levels and scales) to communicate,
exchanging data and technologies in a standardized manner”. In this context, the VPH has
evolved to become a global reference, since some related projects are being developed in other
countries like the USA and Japan. The EC is already launching initiatives to establish
international cooperation in these areas.
In Europe, efforts in the VPH context have been mostly linked with clinical applications. In
contrast, similar efforts in the USA are predominantly done within basic science contexts.
However, both approaches are complementary. Such complementarily can lead to the synergetic
development of new scientific ideas and reinforce EU-US collaborations in the field, extending
previous approaches.
In the area of nano-related modeling and simulation a concrete challenging requirement is for an
infrastructure to support these two topics within the framework of the VPH. A predictive
capability based on a nanomaterial’s structure and the underlying physical, chemical and
biological mechanisms of its interaction with its environment provides methods to test
hypotheses and to advance both the science and the technology. Without that capability we can
obtain good observations, but no actual methods beyond testing to guide development. Previous
examples of scientific and technology development clearly indicate that combining
characterization and tests with modeling and simulation accelerates the development cycle and
translation to market and clinical applications. There is no indication that nanotechnology is an
exception. What is needed, therefore, are freely available structural models for nanomaterials —
such as predictive QSAR models for nanomaterials— as well as free, open-source methods for
model sharing and development. The current cycle for duplicating a modeling result reported
through the literature is measured in years: sharing code establishes collaboration in days. In the
field of Nanomedicine, the development of small-molecule drugs accelerated only when the
basic structural motifs for those molecules could be identified and correlated with their effects
so that modeling of mechanism could be used to augment test. The required Nanoinformatics
infrastructure must support such collaborative efforts as well as link to required computational
resources.
To collect and store effects, reactions and toxicity of nano-materials and nano-compounds will
be a crucial topic. It will be mandatory to register such information into an accessible and
interoperable knowledge base following a specific standard develops for such purpose. Based
on such knowledge base, powerful tools could be developed to simulate “in silico” the effects,
reactions or toxicity of new compounds or materials before the “in vivo” studies. Simulations
should consider not only interactions at nano-level but interactions among different levels.
Information about such interactions and effects among nano-level and higher levels must be
registered. Simulation tools will facilitate the prediction of results before experimental trials are
done. Using the knowledge base, such tools will be able to predict successful results and, in case
of failed simulations, simulation tools will offer detailed information about the probable
mistakes and will provide with a feasible solution to the researchers or, at least, with a list of
suggestions or recommendations to solve the problem.
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To identify the physicochemical and structural descriptors suitable for modeling nanoparticles,
the relevant properties for the toxicity/activity of nanoparticles and nanomaterials should be
identified first. A preliminary ranking of important physicochemical factors that affect
nanotoxicity would be: nanoparticles size and size distribution, surface area, shape dimension,
surface chemistry and surface charge, redox potential, zeta potential, oxidative stress potential,
solubility, agglomeration state, porosity, functionalization or chemical composition, crystal
structure and structure-dependent electronic configuration, method of synthesis and/or
preparation and purity of the sample. In addition, the topology of the nano particles can be
characterized by topological indices of the complex networks formed by a nano particle. Thus,
these indices can be added to the list of the material properties as "Topological properties" in
order to classify the nano particles. The models based on all the properties can serve to the
prediction in silica of the nano particle effects in human for any possible/theoretical material
before to be fabricated.
Finally, in order to evaluate the effects of the nanoparticles in humans and to predict the effects
of new/virtual possible nanoparticles, we need to start the most important theoretical study of
the interactions between nanoparticles/drug-nano-particles with the most common components
of the human cell. The same study can be the base of future studies and initiatives that can
theoretically characterize the calculated properties of the nanoparticles and the biological effects
inside the human before to produce and use future or actual nanoparticles. These results will
skip huge costs and time for the experimental test/characterizations for the nano particle/devices
producers. In the case of the diagnostics, the complexity of the problem can be solved by coding
the entire molecular/physical chemistry information we have into topological indices of the
correspondent complex network (ex. protein 3D structure, DNA sequence, proteome mass
spectra). These numbers can generate classification models that can automatically be used to
evaluate if a patient might have a specific disease. This method is less invasive, is faster and is
using minimal costs. The same method can be integrated inside the future implanted chips with
permanent detection.
In this regard, BMI researchers have created a large number of models and simulation tools that
could be reused or adapted to nanomedicine. The new area of Nanoinformatics can contribute to
such direction. For instance, in the area of visualization, there have been many efforts to create
3-D representations of molecular structures. For a full review in this topic, see (O’Donoghue et
al, 2010). Methods and tools can be reused to visualize 3-D representations of nanoparticles and
process them.
In addition to the VPH programme, over the last years there have been great efforts to gather
data, models and tools to link the human genotype and phenotype. The EC has supported some
projects in the area, where some of the ACTION-Grid partners have also participated. In this
sense, adding relevant information at the Nano level could add significant information for
understanding changes in the genotype, providing new foundations and explanations for
phenotypical traits. While to build or advance towards such a hypothetical “Nanotype” —
including an increasing number of descriptions of atomic structures that can be analyzed and
used to anticipate the effect of nanoparticles, for instance, or explain some basic mechanisms of
life and body components— or even consider the practical possibility of such idea, is far out of
the scope of these Grand Challenges, we would like to mention it here. Such a nanotype could
include a large catalog of nanoparticles and biological targets, their interactions, potential
nanotoxicities and relations to different diagnostic and therapeutic uses. To design the
objectives and possible contents of such nanotype could be a topic of interest by itself. As we
have tried to show throughout this White paper, Nano-related research and information may
provide new insights and information about many aspects of living beings and diseases and
have some consequences that still remain difficult to anticipate.
For instance, to identify the physicochemical and structural descriptors suitable for modeling
nanoparticles, the relevant properties for the toxicity/activity of nanoparticles and nanomaterials
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should be identified first. A preliminary ranking of important physicochemical factors that
affect nanotoxicity would be: nanoparticles size and size distribution, surface area, shape
dimension, surface chemistry and surface charge, redox potential, zeta potential, oxidative stress
potential, solubility, agglomeration state, porosity, functionalization or chemical composition,
crystal structure and structure-dependent electronic configuration, method of synthesis and/or
preparation and purity of the sample. In addition, the topology of the nano particles can be
characterized by topological indices of the complex networks formed by a nano particle. Thus,
these indices can be added to the list of the material properties as "Topological properties" in
order to classify the nano particles. The models based on all the properties can serve to the
prediction in silica of the nano particle effects in human for any possible/theoretical material
before to be fabricated.
Finally, in order to evaluate the effects of the nanoparticles in humans and to predict the effects
of new/virtual possible nanoparticles, it will be necessary to start the most important theoretical
study of the interactions between nanoparticles/drug-nano-particles with the most common
components of the human cell. The same study can be the base of future studies and initiatives
that can theoretically characterize the calculated properties of the nanoparticles and the
biological effects inside the human before to produce and use future or actual nanoparticles.
These results will skip huge costs and time for the experimental test/characterizations for the
nano particle/devices producers. In the case of the diagnostics, the complexity of the problem
can be solved by coding the entire molecular/physical chemistry information we have into
topological indices of the correspondent complex network (ex. protein 3D structure, DNA
sequence, proteome mass spectra). These numbers can generate classification models that can
automatically be used to evaluate if a patient might have a specific disease. This method is less
invasive, is faster and is using minimal costs. The same method can be integrated inside the
future implanted chips with permanent detection.
Grand Challenge 4. Translational nanoinformatics
As noted throughout this document, many current nanoinformatics applications look very
similar —at least, on the surface— to comparable systems already built in medical and
bioinformatics. In this sense, one can identify a continuum of BMI approaches from macro
down to the nano dimensions. But, physical laws and the emerging properties of biological
components are different at the different levels, from atoms to populations, bringing unique
challenges for informatics. This suggests that new approaches are needed for data and
knowledge integration at the nano level.
A broad, integrative vision of BMI implies a strong need to link and integrate molecular and
clinical data for scientific discovery. Given that many molecular level processes increasingly
involve new atomic-level or nano-level measurements and understanding, translational
bioinformatics aims to translate the increasing amount of -omics data into new knowledge than
can provide, among other results, personalized medical diagnosis and therapy for patients,
taking into account the complexity of multi-gene and environmental interactions in human
diseases. Following a similar viewpoint, Nanomedicine requires novel insights beyond the
current technology of informatics typically focused on collecting, representing and linking
information and managing various aspects of both system and semantic heterogeneity. In this
regard, translational informatics can be a related topic, extended down to the nano level, or a
new topic, with strong differences with translational bioinformatics, but with the common
objective of carrying out basic research which can lead to new biomedical —particularly
clinical, with applications to the patient— procedures.
In the nanoscience field, when scientists face problems at the 10 åmgströms scale, unexpected
scientific phenomena emerge involving underlying problems which demand different solutions
from those at larger scales. If physicists and chemists already believe that to fully know the
characteristics of a complex system —at the atomic or molecular level— may prove to be a
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rather difficult task, we must ponder what may be needed to deal with information spanning
several orders of magnitude greater —where additional historical, social, political,
psychological, emotional and economic factors play a significant role, just as informatics does
in medicine. For nano-related issues multiscale modelling will be an important topic.
Researchers begin to face unique challenges that nano brings to informatics as we have
mentioned above, such as the polymorphic and polydisperse nature of nanomaterials and the
unknown effect of many nanoparticles. These variabilities imply a substantial added
requirement for expert annotation and curation of data and analyses to inform scientists about
the quality and reliability of the data, test methods, analyses and models used in nanomedicine.
Such challenges need to be addressed prior to semantic or ontological analyses, and may well
influence the new area of translational nanoinformatics. That is, it will be used in defining the
information needed to advance the science and the translation to clinical medicine.
As an example we can cite, a challenging topic: medical imaging. For the latter, a key
Nanomedicine issue is to create new contrast agents to target specific organs, functions, or cell
types. Research in this field covers, for example 52 :
x

carriers
Ͳ
Ͳ
Ͳ

x

magnetic nanoparticles
empty viruses
magnetic bacteria

For some kinds of nanoparticles
Ͳ
Ͳ
Ͳ

therapeutic objectives
diagnostic applications
combination with external devices (MRI, laser, radiotherapy, CT scan, ultrasound,
HF) for activation

And major technical challenges are:
x

proof of concept, routine and precise analysis of biomarkers in biological samples

x

more robust systems that are easy to operate, offering fast response and easily
analyzable data

x

multiplex analysis requiring integrated data processing capabilities able to carry out
sophisticated algorithms

x

combination of analytical and imaging technologies (3D in vitro microscopy, in vivo
molecular imaging)

It is still quite early to anticipate the full range of future biomedical —and particularly,
clinical— implications of the use of nanoparticles. Many examples have been cited in this
White Paper. In addition, basic research on nano-related issues can contribute to discover
unexpected findings that may make significant contributions to biomedical research and
practice, beyond the topics addressed in this document. Let us consider another underlying issue
next.
In this document, we have primarily focused on concrete applications of nanoparticles in
nanomedicine. But, at the scientific level, there is a significant challenge related to the very
concept of “information”. The pioneering book by Blois (Blois, 1994) thoroughly explored the
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Report presented by the ETP Nanomedicine, published on October 22nd 2009, entitled: Roadmaps In
Nanomedicine Towards 2020. Last Access: December 10, 2009. URL: http://www.etp-

nanomedicine.eu/public/press-documents/publications/091022_ETPN_Report_2009.pdf
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concept of information and its relevance to medicine, illustrating clearly the difficulties of
defining information and giving a unified view of the field. A unified theory of biomedical
information will require considerable advances, due to differences between bits and quantum
bits —a measure of information at the quantum level—, their appearance in nature and the
diversity of meanings of the term “information” when used in different applications such as
medical records, signals, images, scientific references or news. Implications for medicine of
novel scientific information theory may come from better understanding of information
transmission in the brain, the mechanisms of consciousness or how information can be linked to
3-D molecular structures. These fundamental challenges in science are quite beyond
conventional research in biomedical informatics, but will be essential to define the new
informatics at the nano level.
Grand Challenge 5. Linking nano information to the Electronic Health Record
One of the most clear challenges of Nanoinformatics in the context of ICT for Health is to link
Nanomedicine-related data to patient EHRs. In this regard, various topics must be addressed.
For instance, new standards for storing data or augmenting clinical vocabularies and
terminologies —like SNOMED— or for exchanging electronic medical information —like
HL7— can incorporate nano-related information, terminologies and procedures. Structuring
these enhanced EHRs with nanomedicine related information will be a fundamental issue for
future clinical uses of nanoparticles, especially as they impact diagnosis and therapy.
Interestingly, efforts to build new genomic-based EHRs, that include -omics data, standards —
like extended versions of HL7— have been proposed or are under way in many research and
clinical institutions. As we mentioned earlier, for genomic medicine and the new challenges of
nanomedicine, the introduction of nano-related information in the EHR creates new and
significant challenges. For instance, how could a physician anticipate the possible effects —
both therapeutic and toxic— of nanoparticles for a specific patient? How can researchers extract
useful clinical information and predictive therapeutic rules from large sets of data obtained in
new nano clinical trials?
For the above, the scientific community must answer serious questions related to patient safety
and possible secondary effects related to the use of nanoparticles. Nanoparticles can have a
natural or biological origin like viruses or be engineered, including very different elements.
It is their small size that gives nanoparticles their unique electrical, optical and chemical
properties, raising concerns about their potential toxicity. More research on the physicochemical properties of nanomaterials, such as size, shape, crystalline structure, chemical
composition and how all these present, whether in vivo or in vitro, is necessary. In this regard,
controversies have arisen when research papers suggest that nanoparticles can damage DNA or
specific cells. In some cases, authors suggest that studies in vitro may have little relevance to
human exposure risks or may involve incorrect assumptions, since, in some cases —according
to these authors— it is the dose and mechanism of action in a particular biological pathway that
makes a nanoparticle therapy toxic, rather than the properties of the nanoparticle itself. In any
case, all these studies must be subject to extended empirical validation to confirm their validity
—particularly, regarding applications in human beings or the environment.
In this context, previous research carried out in the BMI field to create inventories of biomedical
and bioinformatics resources can be reused to extend such an inventory to the nano level. For
instance, by analyzing the available literature on nanotoxicology using different text mining
techniques widely used in BMI research, it would be possible to automatically extract and link
the different nanoparticles and nanodevices reported in the articles to their therapeutic uses —
e.g. tissue regeneration, drug delivery, etc. — and their toxicity. Building a catalogue of
nanoparticles using the extracted information would enable medical researchers using
nanodevices in clinical trials to: i) select the most suitable nanodevices/nanoparticles to perform
a concrete task; and ii) know beforehand their potential toxic effects, both for humans and for
the environment without the need of manually analyzing the available literature.
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The overview of this research area suggests that besides the usual drug registration stages and
processes that take place when any new drug is being prepared and launched, a series of
additional steps must be made to ensure the appropriate use of nanotechnology in medicine.
This is primarily due to the widely varying effects of the same particles, depending on the
particle size and other physical properties. These features dictate the biological availability,
affinity for adherence to biological molecules and the final effect. Secondly, there is a great deal
of unknown effects of some of these particles, as they are often the types of materials to which
there was no previous exposure during the entire evolution process, thus making it very well
possible that some of these materials might have completely unexpected outcomes when
exposed to living organisms. Thirdly, there is great need to develop usable models, as the
majority of studies seem to suggest large differences between the in vitro and in vivo
experiments. While such differences are expected and sometimes can be easily explained, it
must be taken into serious consideration that the use of nanotechnology is focused on the
application to live organisms and living human beings. Therefore advanced models need to be
developed before such materials can be considered as safe. Fourth, there is frequently a lack of
relevant information. Large number of studies, experiments and research consortia are involved
in research in the area, but they do not use or provide similar nomenclature, methods and
approaches. While this flexibility may be beneficial for research at these early stages of the
field, it will impede reliable and standardized classification, enumeration and recording of data
from these studies. As mentioned above, common nomenclature and standards for minimum
requirements must be established, otherwise we may well face information overload and
confusion rather than information advantage.
As suggested earlier (Baker, Fritts et al, 2009) in working towards a standardized suite of in
vitro assays to annotate the biological activity of nanoparticles, a significant goal would be to
systematically characterize a collection of representative benchmark nanomaterials. Selection of
nanomaterials must be based on several criteria, like, for instance, structural diversity —e.g.,
size, shape, topology, composition—, physical and chemical characterization or data available
from animal models or humans —e.g., biodistribution, pharmacokinetics, biologic activity or
toxicity. The effects of nanomaterials on living cells and targets could be systematically
collected and assessed to evidence physiological mechanisms and cytotoxicity effects.
Finally, the creation of large databases that would store nano-related information, as suggested
above, can be complemented by new approaches to building EHRs. The development of such
tools would require a collaborative effort from a number of researchers involved in this field,
but it would enable the use of structured and authoritative information, rather than the
compilation of various sources that may be biased and inconsistent. Links with new, enhanced
EHRs will be fundamental to the new vision promised by nanomedicine. New diagnostic and
therapeutic methods based on new nanomaterials can enhance recent proposals for
“personalized medicine” —mostly based on “–omics” advances— by elucidating a molecular
phenotype or fingerprint of a person’s disease, delivering specific targeted therapies, monitoring
therapies or informing patients about potential therapeutics opportunities. To manage this
information —and create potential tools for helping decision making— new models of EHRs
must be developed for use by medical professionals.
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6.

DEVELOPING A RESEARCH AGENDA FOR THE
EUROPEAN COMMISSION AND FUNDING AGENCIES

As stated above, Nanoinformatics is a converging field where experiences from other
disciplines such as BI or MI may play a role under their adaptation for this new scientific area.
Thus an important aspect of this work is identifying those topics that have been already
developed by BMI and whose approaches could be reused in the field of Nanoinformatics for
health.
The major research topics for Nanoinformatics and BMI identified during this work can be
grouped into five major areas:
x

Application and reuse of BMI tools in Nanoinformatics
As it was previously stated, an important aspect in the development of Nanoinformatics
is reusability. Under this research topic are covered those experiences and knowledge
previously gathered in BMI that after undergoing an adaptation process could be
applied and used in Nanomedicine and regenerative medicine.

x

New requirements for BMI to facilitate Nanomedicine and regenerative medicine
Whether BMI includes or not Nanoinformatics as a new subdiscipline with specific
links is a question that will be elucidated in the forthcoming years. Meanwhile, there are
new challenges for linking classical biomedical with new nanomedical information for
specific applications in the area of nanomedicine. This will imply the development of
new requirements.

x

Information technologies to address ethical, legal, social issues related to
nanomedicine and regenerative medicine
Under this topic are grouped all those horizontal research activities including those
enabling information technologies, as well as the aspects related with the legislation and
social implications associated with the management and analysis of new data sources
and information in Nanomedicine and regenerative medicine.

x

Education
Incorporation of Nanoinformatics in the BMI curricula.

x

International cooperation
Current scientific initiatives in “hot topics” are usually launched in parallel in local and
national —some of them managing very large budgets, like the US NIH and NSF— and
supranational agencies, like the EC. In the new context of collaborative research that
helped to gather efforts from professionals working at remote locations and accelerate
the research carried out in issues like –omics projects, such kind of challenging
initiatives, which demand large efforts and budgets, cannot be carried out isolatedly. In
this new internationally context, favoured by the web technologies associated to the
Web 2.0 and 3.0 that facilitate knowledge and resources’ reuse and exchange, more
international joint initiatives will be needed. This will help, for instance, to create new
synergies and avoid duplications of efforts and funding for similar topics.
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Figure 30 - A picture showing examples of new requirements for BMI to facilitate

Nanomedicine and regenerative medicine
This section of the document describes all the gaps detected and describes the proposed
solutions to bridge these gaps.
Table 15 - Proposed future research lines

Perspective

Code

Research topic

Application of
existing BMI
techniques and
methods in
Nanomedicine and
Regenerative
medicine

1-R-D

Extension of Grid and
nanomedicine data and tools

2-R-D

Adaptation of bio-repositories to nanomedicine data

3-R-D

Definition of a minimum information standard
nanoparticle characterization and experiments

4-R-D

Biobank information management in the context of
regenerative medicine

5-R-K

Extending BMI ontologies to include nanomedicine and
regenerative medicine concepts

6-R-A

Analysis of nanomedicine based imaging,
DICOM to include nanoimages
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cloud

computing

to

new

for

adaptation of

Perspective

New requirements
for BMI to
facilitate
Nanomedicine and
regenerative
medicine

Use of IT to
address ethical,
legal and social
issues related to
Nanomedicine and
regenerative
Medicine

Education

Code

Research topic

7-R-A

Information processing in clinical trials including effects of
nanoparticles

8-R-A

QSAR (Quantitative structure-activity relationship) like
systems for Nanomedicine

9-N-D

New repositories for nanomaterials characterization and
regenerative medicine methods.

10-N-D

New models of EHR to deal with complex heterogeneous
biological systems (mosaic genomes, interactions between
nanoparticles)

11-N-K

New ontologies for nanomedicine and regenerative medicine

12-N-K

Annotation of nanoparticles and their effects on biological
systems (biomarkers and pathways)

13-N-K

New communication systems between
artificial devices and external systems

14-N-A

Modelling and simulation of “in vivo” effects of
nanoparticles towards systems biomedicine and stem cell
development, complementing the VPH approach

15-N-A

Computer aided design of new nanomaterials and scaffolds
for regenerative medicine

16-N-A

Meta-analysis on repositories of nanomedicine
regenerative medicine experimental data

17-N-A

Analysis (pattern matching) of multianalyte data profiles
obtained with diagnostic nanosystems

18-N-A

Decision support systems and clinical guidelines in the
context of nanomedicine and regenerative medicine

19-E-D

Regulatory aspects (standards, legislation on nanomedicine
and regenerative medicine, including ecological and
economical sustainability)

20-E-K

Quantum codification for biomedical information security

21-E-K

Use of IT and Web 2.0 for dissemination of scientific
advances in nanomedicine and regenerative medicine

22-E-A

Use of IT for technology assessment in nanomedicine and
regenerative medicine

23-T

Incorporation of nanoinformatics
informatics curricula
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in

the

body-internal

and

biomedical

Coding Schema was based on an identification number followed by 2 letters. The first letter
covers the perspective (N – New development, R – Re-use or Re-adaptation of currently
available techniques and tools in BMI, E – Ethical, legal and Social issues and T – Transversal)
while the second letter covers the level (D – Data, K - Knowledge, A - Analysis).
1-R-D - Extension of Grid and cloud computing to new nanomedicine data and software tools
Grid technology has been successfully deployed and used in biomedical informatics along the
recent years. The experience accumulated in the development of tools for biomedical
informatics is a very important asset for the development of the computational approaches that
are required for the new challenges posed by nanomedicine and regenerative medicine.
The use of Grid technology in biomedical informatics has been mostly focused on the
distributed storage of data therefore incrementing the storage capacity as well as, in some cases,
simplifying data access and retrieval. Data coming from new technologies such as the next
generation of DNA sequencers represent an example of this need for massive data storage. In
the past, advances in research on personalized medicine have been facilitated by the access to
genomic and clinical data. Nowadays, advances in nanotechnology are producing new data at a
considerable pace. Again, straightforward access to these data should be granted in an
affordable manner. For this reason, it will be necessary to use the experience acquired in the
past by Grid technologies in managing huge amounts of data and to adapt those systems to deal
with data coming from new nanotechnology based systems that are being applied in
nanomedicine and regenerative medicine.
This massive amount of data generated requires also the capability of efficient analysis. Grid
technology facilitates the management and distributed analysis of data, thus increasing the
capability of current systems. The use of grid applications already developed for biomedical
informatics problems could be a key aspect for the sound exploitation of these data.
Modelling and simulation represents a different field of application where grid technology may
also play a key role for the advance of nanomedicine and regenerative medicine. The design and
the analysis of the properties of new nanoparticles could benefit from the experience
accumulated in the use of Grid technologies for molecular dynamics and simulation (i.e.:
proteins).
Some related initiatives have started such as the adaptation of caGRID (Oster et al., 2008) in the
context of the caBIG (Kakazu et al., 2004) project of the National Cancer Institute (NCI) in
USA. In this case, the Grid infrastructure developed by the caBIG (Stokes et al., 2009) project
has been adapted to be able to process new data coming from nanotechnology and
nanomedicine.
2-R-D - Adaptation of bio-repositories to nanomedicine data
In biomedical informatics there is a long experience in the generation of public data repositories
where biological or other related data are stored and offered to the scientific community for
research studies.
Repositories where descriptions and information related with the biological activity of small
molecules and chemicals are available nowadays. Some examples of these repositories are:

1. Pubchem 53 developed by the National Center for Biotechnology Information (NCBI) in
the USA as part of the National Institutes of Health Molecular libraries initiative
roadmap (Wang et al., 2009). Pubchem is structured as three linked different databases
and it is accessible via NCBI’s Entrez Interface. In these databases it is possible to
53

http://pubchem.ncbi.nlm.nih.gov/
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retrieve information related with chemical properties and biological activity of the
compounds stored in the database. It also contains information about the biological
assays where these compounds have been tested and their biological activity.

2. ChEBI 54 (Chemical Entities of Biological Interest) is a freely available dictionary
focused on small chemical compounds and developed by the European Bioinformatics
Institute (Degtyarenko et al., 2009). This resource contains chemical data related with
molecules of biological interest. The database is organized around an ontological
classification with the relationships between the classes and members of the database.
The existence of this type of resources and its integration with other biomedical resources such
as the integration of Pubchem into Entrez at the NCBI, offers a very valuable example of the
integration of different types of information, in this case, physical and chemical descriptions and
biological information under a fully integrated tool.
In the disciplines of nanomedicine and regenerative medicine there is still a lack of integrated
repositories and sources of information. Therefore it could be possible to identify, assess and
apply the lessons learnt by biomedical informatics in the development of these resources to the
development of integrated resources containing data and information from Nanomedicine and
regenerative medicine.
A paradigmatic case of this kind of applications consists of the development of nanoparticles for
medical use. There is a clear need for new databases associated with the characterization of
these particles. Furthermore, this data will have to be associated to biological information that is
already available and this integration might be facilitated by the reuse of existing methodologies
coming from biomedical informatics. The use of biological growth factors or their synthetically
engineered analogous to control cell development processes in regenerative medicine constitutes
another example of the need of these resources.
Other examples of areas where there exist successful experiences coming from biomedical
informatics that could be adapted to manage this new information sources would be those
related with the management of personalized medicine. Personalized medicine will go a step
beyond with the development of new tools engineered in nanomedicine and regenerative
medicine, providing new opportunities to carry out medical interventions within the cells,
beyond the use of individual information for deciding therapy which characterises genomic
medicine.
3-R-D - Definition of a minimum information standard for nanoparticle characterization and
experiments
The advent of nanomedicine and regenerative medicine with their new techniques and
associated technologies requires the development of new standards for the description of the
elements and procedures associated with their applications.
In recent years a similar scenario took place with the development of microarrays and next
generation sequencing. In both cases the development of standards for the characterization of
and description of the experiments yielded MIAME (Minimum Information About a Microarray
Experiment) (Brazma et al., 2001) or MINSEQE (Minimum INformation about a high
throughput SEQuencing Experiment) (Brazma, 2009; Field et al., 2009), as well as the
development of data exchange standards such as MAGEML (Spellman et al., 2002). These
standards played a key role for the extension, interpretation and acceptation of these techniques.
In nanoinformatics it is already being developed an analogous initiative MINCHAR (Minimum
Information on Nanoparticle Characterization, 2010). The MINCHAR Initiative is focused on
defining an appropriate characterization of the nanomaterials and is still under development and
54
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discussion. The extension of MINCHAR standard altogether with the development of XML
based standards for the exchange of this information should play the same role that the
development of previous standards played in genomics along the last decade.
4-R-D - Biobank information management in the context of regenerative medicine
Biobanking is becoming a common approach to ensure the access, preservation and
characterization of different biological samples for different purposes. Regenerative medicine
needs proper banking of stem cell lines and other biological entities and therefore informatics
experiences from biobanks could have an important impact in regenerative medicine.
An important issue related with information processing and management in biobanking is the
attempt to associate the biological characterization of the samples, with a good clinical
annotation. Another key aspect for biomedical informatics would be to ensure efficient and
secure data exchange methods (Mohanty et al., 2008).
5-R-K - Extending BMI ontologies to include nanomedicine and regenerative medicine
concepts
Currently there are many ontologies available in biomedical informatics (more than 160 at the
NIH National Center for Biomedical Ontology). Advances in nanomedicine and regenerative
medicine together with the expansion of their application and their future inclusion in medical
practice will pose a challenge for biomedical informatics. Under this scenario the ontologies
currently available in biomedical informatics will have to be expanded to include the new terms
and concepts associated with nano and regenerative medicine.
6-R-A - Analysis of nanotechnology-based biomedical images, adaptation of DICOM to
nanoimaging
A very hot topic in nanomedicine and regenerative medicine is the development of new image
based techniques. These new images generated through the use of nanoparticles and
nanotechnology might be applied in regenerative medicine processes and therapies, therefore
biomedical informatics should be ready to provide tools which will be able to handle these new
sources of images.
Biomedical informatics has already developed tools that could be adapted for this purpose and
therefore will become useful to deal with these new types of images. An important aspect would
be to adapt the DICOM (Digital Imaging and Communications in Medicine) standard to be
capable of processing them.
Image annotation and description is another interesting aspect associated with these new
requirements for image analysis. There are already some experiences related with the annotation
of DICOM standard (Channin et al., 2010). It will be necessary to work on the development of
standards for the annotation of images that may reflect the use of nanoparticles and other
peculiarities associated with nano and regenerative medicine
It will be also very important to develop software to analyse these new images generated in the
field of nanomedicine and regenerative medicine. In some cases it will be necessary to adapt
existing image analysis techniques for these new types of images.
7-R-A - Information processing in clinical trials including effects of nanoparticles
Along the last years the inclusion of genomic data from subjects enrolled in clinical trials has
been a challenge for biomedical informatics and the situation is likely to be repeated in the new
scenario with nano and regenerative medicine. New data types and data sources should be
included and for this reason it will be necessary to adapt current tools to face this new situation.
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It is important to remark that some of the research lines proposed in this document are not
completely independent. Therefore to achieve them it might be necessary to previous or
simultaneous develop some others. In the case of information processing in clinical trials
involving nanoparticles, it might be a prerequisite to have already available data repositories and
standards for data exchange and characterization in order to include this structured information
into these studies in a straightforward way.
8-R-A - QSAR like systems for nanomedicine
QSAR (Quantitative structure-activity relationship) systems have been broadly applied in
biomedical informatics in the process of drug design (Dezi et al., 2007; Fontaine et al., 2005;
Barbany et al., 2004; Duch et al., 2007), so there exists relevant experience in the management
and analysis of molecules using these techniques. In nanotechnology QSAR techniques have
also been applied for the analysis of tnew nanomolecules (Puzyn et al., 2009; Saliner et al.,
2008). The new developments in nanomedicine will require the adaptation of current systems to
produce tools that can be useful for the analysis of new nanomolecules in the biomedical
context.
9-N-D - New repositories for nanomaterials characterization and regenerative medicine
methods
New developments in nanotechnology and their application in biomedicine, as well as new
materials and methods developed for regenerative medicine, will require central repositories
where all the information related with their characteristics will be integrated and made freely
accessible. These repositories will support the advance in the knowledge and the translation into
clinical practice of these new devices, materials and methods.
10-N-D - New models of EHR to deal with complex heterogeneous biological systems (mosaic
genomes, interactions between nanoparticles)
Regenerative medicine and nanomedicine and their application in clinics introduce new
requirements for the definition of the information stored or linked in the EHR. The use of stem
cells in transplants in regenerative medicine will bring the need of dealing with new complex
mosaic genomes (partially coming from the donor and the rest from the receptor), therefore the
EHR must adapt to this new circumstance.
The use of new materials in regenerative and nanomedicine will raise the issue of dealing with
this information connected to the patient EHR. Possible risky or dangerous interactions among
these new materials with current diagnostics techniques (i.e.: a contrast agent), therapies or with
themselves should be identified in order to develop alerting systems with the aim of warning
clinicians about these potential risks.
11-N-K - New ontologies for nanomedicine and regenerative medicine
Biomedical informatics has long experience in developing ontologies for different fields and
applications and it will have to develop new ontologies for nanomedicine and regenerative
medicine based on the new terms to facilitate knowledge representation and semantic
interoperability. The NPO, previously mentioned, is an excellent pioneering example.
12-N-K - Annotation of nanoparticles and their effects on biological systems (biomarkers and
pathways)
As it has been previously stated in other sections of this white paper the annotation and
description of the biological context of nanoparticles and other elements related with
nanomedicine and regenerative medicine is a key aspect for the advance of the application of
these new technologies in medicine.
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Biomedical informatics has accumulated a large experience in the last years in the integration
and combination of different sources of information for the annotation of different biological
molecules and processes. Nowadays with the development of new technologies for nano and
regenerative medicine, the challenge consists in the annotation of all the new elements into the
traditional models. Biomedical informatics tools developed for the automatic annotation of
complex processes and complex information sources, such as the automatic annotation of
genomes or proteins, would be the basis for the development of new tools focused on the
annotation of the newly designed nanoparticles, materials or molecules developed for
nanomedicine and regenerative medicine.
An example of the interest that the translation of this kind of models has would be the
adaptation of systems for pathway and gene regulation annotation. In this case, some work has
been previously done for the analysis of the effects of different nanoparticles in gene
expression. These experiments allowed researchers to identify the pathways affected by the use
of different nanoparticles. This is very valuable information that biomedical informatics tools
have been able to collect and manage in the past and that after undergoing some changes could
be adapted to deal with new information sources.
13-N-K - New communication systems between body-internal artificial devices and external
systems
The use of new devices based on nanomedicine and regenerative medicine that will be able to
collect data inside patient’s body represents a challenge for biomedical informatics because it
will be necessary to develop methodologies and new communication systems enabling data
transfer from those internal devices and their external receptors. In the case of systems and
devices that might have effector properties this communication effort would be bidirectional,
being able to receive and transmit data (for example, to modify the dose or timing of a drug
release).
14-N-A - Modeling and simulation of “in vivo” effects of nanoparticles towards systems
biomedicine and stem cell development, complementing the VPH approach
Development of new tools in biomedical informatics to model and simulate the behaviour of
nanoparticles “in vivo”. These tools should complement the developments done within the VPH
program.
Once administrated, nanoparticles may have several possible targets or clearing properties,
therefore biomedical informatics should contribute to the development of tools that could
model, simulate and predict which will be the behaviour and effects of these new nanoparticles
“in vivo”, moving a step beyond from data analysed and generated in “in vitro” analyses.
There have been proposals for the definition of a periodic nano-system, analogue to the periodic
table of chemical elements. This model poses huge challenges in terms of information
processing and representation. Its final goal would be to be able to predict the behaviour of a
complex nanomaterial “in vivo” on the basis of its periodic physical-chemical properties.
15-N-A - Computer aided design of new nanomaterials and scaffolds for regenerative
medicine
Regenerative medicine is yielding new models and materials with potential applicability in
clinics. A key aspect to achieve the goals of these new materials is to analyze which are the
properties of the body parts that the new materials are going to replace or enhance to try to
mimic their biological properties. Biomedical informatics should provide researchers with tools
that may help in these analyses and guide them in the process of developing new nanomaterials
based on the results of these previous analyses of their biological properties.
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16-N-A - Meta-analysis on repositories of nanomedicine and regenerative medicine
experimental data
Advances in nanomedicine and regenerative medicine are generating and will continue to
generate huge amounts of data scattered through different laboratories and publications. Thus it
will be necessary for biomedical informatics to develop new analytical tools to perform metaanalyses on these disparate experimental data. As it was previously stated, the development of
these new tools will require to further advance in other proposed research topics such as new
ontologies or new repositories for data storage.
17-N-A - Analysis (pattern matching) of multianalyte data profiles obtained with diagnostic
nanosystems
Newly developed diagnostics nanosytems will be able to perform multianalyte analysis
obtaining different data profiles that will require new tools from biomedical informatics for their
analysis and the interpretation of the results obtained. The analysis of these profiles might be
done by pattern matching methods, looking for those that can be associated with different
observed phenotypic characteristics of the tested subjects.
18-N-A - Decision support systems and clinical guidelines in the context of nanomedicine and
regenerative medicine
As it happened in the past with the introduction of new technologies and new data sources into
clinics, biomedical informatics will have to adapt and adopt these new data and information
sources for the development and update of decision making support systems and clinical
guidelines.
Nanomedicine and regenerative medicine represent a new testbed for the development and use
of new decision support systems and clinical guidelines. Both disciplines are bringing new data
types and a great amount of information that should be available in a comprehensive and
comprehensible way for the clinicians, the development of these systems will be necessary to
help clinicians’ make informed decisions.
19-E-D - Regulatory aspects (standards, legislation on nanomedicine and regenerative
medicine, including ecological and economical sustainability)
Biomedical informatics will have to take into account ethical, regulatory and social issues
related with nanomedicine and regenerative medicine. New standards should be developed and
approved for data storage and exchange. Legislative initiatives and regulations related with
information management in nano and regenerative medicine will require special attention from
experts in bioethics and law.
Information technologies will help in the analysis of the economical and ecological impacts and
sustainability related with the extension and application of nanomedicine and regenerative
medicine.
20-E-K - Quantum codification for biomedical information security
Recent advances in the development of quantum codification might be applied to increase the
security level of biomedical information. Development of these IT technologies will open the
door for a future application of this technology by biomedical informatics in all those aspects
related with security and confidentiality of highly sensitive data.
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21-E-K - Use of IT and Web2.0 for dissemination of scientific advances in nanomedicine and
regenerative medicine
Web 2.0 is nowadays an important source of information as well as a very important means for
information dissemination. Advances in regenerative and nanomedicine will likely benefit from
these platforms to better reach the scientific community and society at large. These systems will
also be useful to disseminate new information about the subspecialty of nanoinformatics.
22-E-A - Use of IT for technology assessment in nanomedicine and regenerative medicine
Technology assessment in nanomedicine and regenerative medicine will benefit from the
application and use of information technologies as it happened in the past in different fields
(Adhikari et al., 2010).
23-T - Incorporation of nanoinformatics in the biomedical informatics curricula
With the development and extension of the use of nanomedicine and regenerative medicine,
biomedical informatics tools designed to deal with these fields will become routinely used and
new research challenges for dealing with these information sources will emerge. Therefore
nanoinformatics should be included in the biomedical informatics curricula, as it has been
pointed out in the recent educational recommendations published by IMIA (reference).
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7.

KEY ISSUES FOR RESEARCH AND EC PROGRAMMES

Based on the contents of this document, a preliminary and extended table for key issues to be
considered has been established (see table 16). This section intends to provide a wide
perspective of the kinds of actions that can be considered by funding agencies in the area and
particularly, of course, the European Commission. Such vision will complement current efforts
carried out at the European level in the VPH programme. In this table we propose the specific
topics, its proposed priority, expected risk and the research instrument —IP for large Integrated
Projects, STREP for Specific Targeted REsearch Project, CSA for Cooperation and Support
Action and NoE for Network of Excellence— that is suggested for each topic.
While the previous section proposed five “Grand Challenges”, from a scientific perspective —
and some of them could be, in fact, difficult to achieve in the short or mid term—, the following
table proposes some specific actions and opportunities. As it can be seen, there are close links
between both proposals, although Grand Challenges are intended to serve as the basis for
advancing an area much beyond the state of the art —with obvious risks— whereas these key
priorities are focused on more affordable issues, particularly from an administrative perspective.
Figure 31 shows below these links and correspondences between the ACTION Grid Grand
Challenges and suggested priorities for R&D. Such proposal can be used for designing a
roadmap in the area of Nanoinformatics. In such direction, a forthcoming conference is planned
for November 3-5, 2010 after the completion of this White Paper, in Washington D.C.,
with the support of various US agencies and organizations 55 . One of the main objectives will be
to propose a roadmap in the area of Nanoinformatics. In such context, there are plans for
expanding the vision and scope of this White Paper.
Grand Challenge 1.
Data, repositories,
standards

Grand challenge 3.
Extension of the
European VPH (Virtual
Physiological Human)
Programme
Challenge 5
Linking nano
information to the
Electronic Health
Record

Grand challenge 2.
Interoperability:
semantic search and
ontologies

Grand Challenge 4.
Translational
nanoinformatics

Figure 31 - Links and correspondences between the ACTION Grid Grand Challenges and

Priorities for R&D
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56

Creating new infrastructures to facilitate high performance requirements in nanomedicine
research (e.g., cloud computing, Web 2.0 for collaborative research, Grid, etc)
Adaptation of databases and repositories of resources for Nanomedicine, including
biobanks, creating new repositories for nanomaterials characterization and regenerative
medicine methods and platforms for clinical trials involving nanoparticles
Definition of Minimum information standards for nanoparticle characterization and
experiments and publication of results in nanomedicine
Creating ontologies in the areas of Nanomedicine and regenerative medicine —from
scratch or expanding existing BMI ontologies
Development of new imaging methods based on the use of nanoparticles. Adaptation of
DICOM to include nanoimages
Information processing in complex heterogeneous biological systems (EHR for mosaic
genomes, interactions between nanoparticles, alerting systems), including the annotation of
nanoparticles and their effects on biological systems (biomarkers and pathways)
Modeling and simulation of “in vivo” effects —including adverse— of nanoparticles in
living beings, expanding the VPH scope
New models of EHRs to include nano-related information, including Decision Support
Systems and clinical guidelines —e.g., for risk management and nanotoxicity issues— in
the context of Nanomedicine and regenerative medicine
Regulatory aspects (standards, legislation on Nanomedicine and regenerative medicine,
intellectual property, issues related to open data and source tools, quality control and
ecological and economical sustainability)
Incorporation of: a) Nanoinformatics in the Biomedical informatics curriculum and b)
Nanomedicine in the traditional medical education
Establishment of global initiatives for developing new research agendas and standards as
well as exchanging data, methods and informatics resources in the Nanoinformatics area

Research topic

LOW

MEDIUM

MEDIUM
HIGH

LOW

MEDIUM

MEDIUM

HIGH

MEDIUM

MEDIUM

MEDIUM

HIGH

MEDIUM

HIGH

MEDIUM

LOW

MEDIUM

MEDIUM

MEDIUM

LOW

Risk

HIGH

HIGH

Priority
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Reseach Instrument: IP = Integrated Project, STREP = Specific Targeted REsearch Project, CSA = Cooperation and Support Action; NoE = Network of Excellence

International
cooperation

IT for ethical,
legal and social
issues
Education

New
requirements
for BMI to
facilitate
Nanomedicine

Application of
existing BMI
techniques and
methods in
NanoMedicine
and
Regenerative
medicine

Perspective

Table 16 - Priorities in R&D, Research Instruments, possible risks and instruments

CSA

CSA

CSA

IP

IP

IP

STREP

NoE

STREP

NoE

Research
instrument 56
IP

8.

HORIZONTAL ASPECTS

8.1. Ethical, legal and regulatory aspects
8.1.1. Ethical issues
Bridging the fields of BMI, grid computing and nanotechnology offers large opportunities to
expand personalized medicine, care and prevention issues towards nanomedicine. However, in
view of the revolutionary potential attributed to these emerging technologies in general and
nanotechnology specifically (Bainbridge and Roco, 2006), ethical, legal and social implications
have to be investigated and discussed. Whereas medical practice and research have always
adhered to a strict ethical framework, technical scientists and developers usually do not need to
share the same tradition.
Ethical issues regarding BMI and Grid computing
Privacy protection is predominant significant issue raised in BMI and grid computing, mainly
caused by the transparent interchange and processing of sensitive healthcare information
(HealthGrid, 2004). Dissemination of personal data increases the likelihood of misuse, and
genetic/genomic data are especially sensitive in terms of possibly predicting future disease
which could affect insurance coverage, employment, or other social conditions where privacy
and confidentiality of patients is paramount.
The overall issue in this respect is to balance the privacy aspects of the individual patient or
citizen with regard to individual health gain and conflicts of interest with other stakeholders, the
society at large and legislation.
Through the development of advanced technologies in the above mentioned fields, it is
estimated that individually tailored health services can be delivered to patients and citizens on a
broad scale. The benefits for patients include the possibility of more frequent evaluation of
treatments, medication and monitoring of the progress of the disease and/or recovery. Patients
will also be more empowered through the use of certain technologies, as for example eHealth,
rendering the gain in a patient’s sense of control over his or her life into an important element of
such technologies from an ethical perspective. This gain gets even larger when it comes to the
role of personalized healthcare related to lifestyle management. Citizens will gain new
instruments to control their health.
New methods of communication interception, video and even satellite surveillance allow insight
and an entry into personal matters, but they can also be used to satisfy people’s need for
protection, safety and security in public places. Genetic research has provided insight into the
individual's genetic material in a way which was previously impossible, thereby allowing new
possibilities for the diagnosis and treatment of hereditary illnesses. (Hansson, 2008)
Individuals have an interest in non-interference but also an interest in profiting from results,
which such interference can give. The question of what respect for privacy in fact entails has
been addressed regarding communication of genetic information (Laurie 2002) but so far not
within the context of using advanced information and communication systems for ordinary
treatment and prevention.
Informed consent, autonomy and trust in health related research
A lot of ethical research has been performed around biobanking practices and stem cell research
which we can draw conclusions from for the focus areas targeted by ACTION-Grid.
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Located at the center of supporting different regulatory mechanisms surrounding those
practices, is the role and importance given to informed consent as the legitimizing factor in
research and the handling of patient samples and records (Laurie, 2008). Respect for individual
autonomy has become increasingly emphasized in recent years (Laurie, 2006), but it is often
reduced to a crude imperative to obtain informed consent, and bears little relation to robust
philosophical accounts of autonomy (Mason&O’Neill, 2007). This issue questions whether fully
informed consent and patient empowerment through consent processes are achievable, and
instead suggest a more modest role in protecting patients against deception or coercion. The
obsession with consent has been criticized in the context of using patient data for research
because it is seen as an unduly restrictive means of governing research—consent is not always
practicable or possible to obtain. Furthermore, the law, for example in the UK, does not strictly
require the same explicit consent that is required in other countries, and the consent or
anonymisation rule also has limits because it can undermine or even block valuable research
(AMS, 2006). Anonymising samples also avoid the need for consent for research samples in
England and Wales, but only with appropriate ethical approval. Interestingly, to our knowledge,
legislation in Western Australia seems to authorize the use of health data for research without
the need for consent (Laurie, 2008). Moreover, people cannot opt-out because, as the guidance
makes clear, "all Western Australians benefit from reliable information about health." (WADH,
2008) In Europe, despite the rigors of the Data Protection Directive, official opinion says that
electronic health record systems that include provision for research—which are justified by
substantial public interest—could feasibly be set up, as long as specific and suitable safeguards
are in place, such as opt-out provision. (DPWP, 2007) It is possible, therefore, to envisage and
implement systems of health related research that do not require explicit consent.
People are often willing to participate in biobank research in spite of concerns raised in media
about potential risks to personal integrity. Moreover, information about research is often
disregarded by participants. This suggests a connection between autonomy and trust and has
also an impact on consent procedures. A Swedish study with a random sample of Swedish
general public (n=56.000), for example, showed that 72% prefer general consent and want the
research ethics committee alone to decide on the use of stored sample, and they would allow
storage as long as the sample is useful for research (Kettis-Lindblad et al, 2007).
Another ethical question is, however, how information that is generated or discovered through
research and that may be of clinical relevance to the individual patient or donor should be
handled. This information can for instance concern heredity disposition or environmental risk
factors and the so-called “right not to know” got a predominant position in ethical genetic
research.
Ethical issues regarding Nanomedicine, regenerative medicine and nanotechnology
Ethical aspects related to nanotechnology are an important social issue. There is no doubt that
nanotechnology and in particular Nanomedicine, offer possibilities difficult to anticipate at this
time. Some of these opportunities may introduce ethical and moral principles that should be
considered at the moment of the implementation of new techniques for this field. This category
also includes all the comments related to the impact of the nanoparticles in our society, how
they can change our social perspective.
Ethical, Social Aspects and public health acceptance of Nanomedicine were analyzed in the
document “Nanomedicine – Nanotechnology for Health, European Technology Platform,
Strategic Research Agenda for Nanomedicine. November 2006”.
A growing concern about nanobiotechnology is arising worldwide during the last years. The
scientific community is being criticized for the lack of public understanding, public perception
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of risks versus benefits, and public participation and possibility of control 57 . Following these
concerns, both real and perceived risks should be addressed more clearly by research and
industrial stakeholders. Concerns are even higher for NBT because: (a) the growing expectation
about assessment of risks for new technologies that is often difficult in such an emerging field,
(b) the difficulty to deal with the complex nature of NBT, and (c) the fear to change or interfere
life, although positive factors such as fighting against major diseases are major concerns.
Thus, it may be considered urgent for scientists in the NBT field to adequately communicate
with the public and policy makers (especially regarding scientific and industrial challenges of
NBT) with an explanation on how these developments will impact future products, new
applications, and will change or question our way to see life, progress etc.
Regarding regulations, in any country there should be a national body taking care of
nanotechnology in medicine and health care, dealing with aspects such as:
x

A clear positive benefit-to-risk ratio of Nanomedicine

x

A clinical implementation of products

x

Evidence based public awareness

x

Science-based regulatory processes

x

Develop risk-management process from concept to post treatement

In addition, European normatives are also being addressed in the area of nanomedicine.
Although nanoinformatics is not directly linked to these issues yet, it must be taken into
account for future activities.
8.1.2. Legal and Regulatory Issues
For nano-related issues, new initiatives must be adopted. Many of them should be based on
existing laws and norms like in other areas —for instance, the VPH. While some regulations
apply across the EU, the various national legislation systems differ markedly and there seems no
early prospect of this situation changing. When activities also include partners from outside the
EU, the situation becomes even more complicated. Participants in cross-border activities should,
therefore, take steps to ensure that they are fully aware of the specific legal system under which
each individual action falls and to take full account of any relevant local legislation.
In any repository of health data that may be used to influence patient management, however
indirectly, including through clinical decision support or the development of new devices by
industry (Middleton et al, 2005), the principal legislative aspects are:
Data Protection – privacy concerning the holding and processing of an individual’s personal
data, balanced with freedom of access to that information by those who seek to benefit society.
Any activity will succeed only if it has access to the fullest possible range of patient data, but
individuals have a clearly established right to protection from exploitation. Conformity with
existing legislation must therefore be verified at each stage of a project, and the possible need
for additional clarification kept under scrutiny.
Intellectual Property Rights (IPR) – protection of intellectual property, typically via patent or
copyright, and the influence of such protection. Comprehensive specification of IPR policies
encourage information exchange with third parties and promote an atmosphere of trust.
Industrial involvement can be seriously hampered by uncertainty over ownership. The IP
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Towards a European Strategy for nanotechnology, COM (2004) 338 final 12/05/2004. Available at:
http://www.ec.europa.eu/nanotechnology(pdf/nano_com_en_new.pdf/
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framework must be clear and free from ambiguity so that the rights of participants are not in
doubt.
Liability – responsibility for compensating an individual for injury or mismanagement as a
result of interaction with an activity. Nano data will influence individuals’ healthcare, and
issues of liability arising from inappropriate applications, such as adverse outcomes resulting
from inaccurate or incorrectly interpreted data, must be considered. This may mean that
nanomedicine usage is curtailed because of uncertainty over legal liability – many such
uncertainties lurk within the complex relationships between international and national legal
systems. Links with the wider VPH activity are encouraged, to provide a critical mass and a
level of momentum towards resolving such legal uncertainties.
Rules and Regulations Pertinent to Data Protection in Europe
x Article 8 of the European Convention on Human Rights and the judgements of the European
Court of Human Rights
x Article 7 & 8 of the Charter of Fundamental Rights of the European Union
x OECD 1980 Guidelines on Privacy
x Council of Europe 1981 Convention for the Protection of Individuals with Regard to
Automatic Processing of Personal Data
x Recommendation (97) 5 of the Council of Europe on the protection of medical data
x Recommendation (83) 10 of the Council of Europe on the protection of personal data used
for scientific research and statistics
x Directive 95/46 on the protection of individuals with regard to the processing of personal
data and on the free movement of such data
x Directive 2002/58 concerning the processing of personal data and the protection of privacy
in the electronic communications sector
x Opinion no. 13 of the European Group on Ethics on Ethical Issues of Healthcare in the
Information Society
x Declarations, Considerations and Guidelines from the World Medical Association on
Patient’s Rights, Telemedicine, Health Databases, and Medical research involving Human
subjects.
Privacy of personal data is a fundamental right, supported by legislation whose presence is
designed to ensure that computers are used ethically within society (e.g. European Directive
95/46). Freedom of information is protected by registration with a data protection registrar. The
register holds information about the system, the nature of the data held and its use, where the
data comes from and to where it may be passed. The compiler of the data must ensure that it is:
obtained and processed fairly and lawfully; held and processed only for those lawful purposes
described in the register; disclosed only to those people specified in the register; adequate,
relevant and not excessive in relation to the purpose; accurate, complete and up to date; held no
longer than necessary in an identifiable form; accessible to the individual concerned; properly
secured.
The individual has a right to be informed, to rectification, erasure or blocking, to object, and not
to be subject to an automatic decision producing legal effects. Although privacy of personal data
held on a computer (and in filed manual records) is enshrined in data protection law, the
European Privacy Legal Framework permits differences between the national policies of the
Member States.
Despite a significant volume of material concerned with data protection, there is clearly an
opportunity for legal conflict for those involved with cross-European initiatives. This can be
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complicated further in the case of a data repository that is stored within a virtual institute (i.e.
not physically located in one place, but split across several countries). The differences in
privacy rules cannot prevent the transfer of personal data between Member States if they have
transposed the European Privacy Directives into their national laws. However, the legislation
focuses only on privacy protection and does not cover activities beyond its well-defined scope,
such as personal data processing or data transfer between states for reasons of public health,
social security, or other obligations. Since countries implement the data protection directive in
their own specific ways, such operations may conflict with data protection law. There is no legal
solution to these anomalies currently, so care should be taken in this regard.
Intellectual Property Rights
IPR protect patents, copyright, trademarks etc and, taken together, reflect the value that society
places on creativity. Ironically, it is the regulation of the sharing of this type of information that
secures freedom for information exchange, such freedoms being essential.
Copyright secures an individual’s right to prevent the copying (‘theft’) of original material
without the author’s permission. Its honorable history includes the protection of literary and
artistic work and now encompasses computer programs and databases, with rights that cover
copying, adaptation and distribution.
Specification of clear IPR policies encourages information exchange with third parties and
promotes a beneficial atmosphere of trust. This extends beyond patient data to include
commercial concerns (vulnerable to exploitation) and even the databases themselves (e.g.
database metadata). The current climate reflects the sensitivity of data providers to abuse of
their IPR—some databases are not publicly available and require licensed access, others
demand that origin of the data is transparent, or that data integration is not allowed, while some
request explicit acknowledgement when used (Maurer et al 2001; Merali and Giles, 2005; Ellis
and Kalumbi, 1998).
Liability
Relevant laws and their interpretation differ among EU Member States, and a harmonized legal
environment defining the circumstances under which it is appropriate for an individual to seek
compensation is only a distant hope (Hureau and Hubinois, 2005). A general picture can be seen
by turning to legal instruments that have parallels with the issues raised here.
For product defects, a producer is liable for damage under European Directive 85/374. The
injured party needs proof of the damage, the defect responsible and their causal relationship. For
damage to an individual wrought by several contributors, the injured party is entitled to full
compensation for the damage from any of them. Defects can be evaluated in the context of
public expectations of safety. Compensation may be sought in the event of death, personal
injury or damage to property (limited to goods for private use or consumption). Conversely, the
producer of the product is not liable when the product could not have been identified as
defective in accordance with the objective state of knowledge at the time it was introduced.
Liability requires that the knowledge must have been accessible at the time the product was put
into circulation. Under European Directive 85/372 there may be no compensation for pain or
suffering if directed by the law applicable to the case.
Numerous studies have examined the disharmonies between national Tort Laws in Europe,
notably the European Centre of Tort and Insurance Law 58 which edits the series ‘Principles of
European Tort Law’. The complexities of tort law are considerable and too great to investigate
here.
58
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8.2. Cultural and Educational Aspects
The 21st century can be considered as the century of information technology, the ‘information
society’ century. The progress of information processing and technology has been changing our
societies. Globalisation of providing healthcare and the cooperation of health professionals has
been increased. These perspectives were settled for the following decade for BMI education, in
1998 by R. Haux. In order to effectively follow the objective of 'Transforming healthcare
through innovative use of information technology for the 21st century', well-trained in BMI
health professionals are necessary (Haux, 1998).
BMI is as well as an applied as a basic discipline (Van Bemmel, 2006). In this way, BMI ties
the developments and their application in the health care practice for the benefit of patients and
medical research, therefore knowledge in medicine, knowledge in information technology and
skills in informatics, health care management and project and process management are
elementary requirements. All of them should be complementary following the changing needs
of modern health care.
Healthcare deficiencies can be reduced and quality can be assured when each healthcare worker
gets the right information in the right place at the right time. Information systems can play an
important role in this aspect and its introduction should be done in an intelligent approach. In
consequence, an important objective of BMI is to introduce students to the limitations and
possibilities of use of information systems.
On the other hand, IT training aims to learn out how to use products such as productivity tools,
while education in BMI aspires to provide the academic fundamentals in information delivery in
health care (Hasman, 1998).
BMI education is essential for those who want to become expert in this area and also for health
professionals. All healthcare professions are to be considered to BMI education: physicians,
nurses, healthcare administrators, medical records librarians and also medical informaticians as
well as graduates as specialised programs in BMI. Computer scientists or engineers intending to
work in medicine or healthcare also require BMI education (Hasman and Haux, 2004).
The rapid expansion of novel technology and the constant increase of knowledge in medicine
stimulate BMI progress (Knaup et al, 2009). The Human Genome Project indicated the
beginning of the genomics "revolution", transforming various biomedical research fields,
including social, historical and cultural dimensions of human life, and phenomena called
“bioinformatization of the life-world” (Zwart, 2009). Following this point of view and as
evolution of health care the trend for the following decade might be represented by
Nanomedicine and Regenerative medicine. Tissue engineering has experienced progress due to
the emergence of Nanomedicine that accelerates various regenerative therapies (Khang et al,
2008). Data increases exponentially and novel approaches, such as Grid Technologies, are
needed to manage this kind of data. New disciplines as Nanoinformatics are emerging and many
informatics tools can be adopted for nanotechnology (Tuominen, 2007).
As a growing discipline BMI requires an evolving educational program so that manage with the
changes in technologies, society (Knaup et al, 2009) and medical advances.
The followings paragraphs delineate BMI education, influencing factors and barriers of
successful education or training. Finally we propose to extend concepts from BMI to
Nanomedical Informatics to deal with the challenge to educate in the new trends on IT and
medical progress.
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8.2.1. BMI educational program
Bologna guidelines
The aim of Bologna Process is the creation of the European Higher Education Area (EHEA)
based on international cooperation and academic exchange. It is centered on cooperation
between ministries, higher education institutions, students and staff from almost 50 countries,
with the participation of international organizations.
The reform has three priorities: production of an easily readable and comparable degrees
organised in a three-cycle structure (e.g. bachelor-master-doctorate), to ensure the quality in
accordance with the Standards and Guidelines for Quality Assurance in the European Higher
Education Area (ESG), and finally, to obtain a reasonable recognition of foreign degrees and
other higher education qualifications in accordance with the Council of Europe/UNESCO
Recognition Convention (Rumble, 2008).
The curricula in Europe should adhere to the Bologna guidelines 59 and to ensure continued
high-quality education Medical Informatics program should be regularly evaluated (Van
Bemmel, 2006; Knaup et al, 2009).
Education and Research Funding
The majority of system failures are related to the people and processes not to the technology.
Lack of education and training is tied in with system failure. There exists an educational
problem, not a technological problem.
Education Beneficiaries perspectives are indispensable in order to be successful. Many of them
do not understand what BMI involves or how it relates to the day-to-day professionals’ work or
to patient care. Also they often cannot differentiate between IT skills and BMI. Technology
does not produce benefits except if the personnel is trained and encouraged to use information
systems.
The challenge facing the BMI community is to change these misconceptions and prove to the
beneficiaries of education that, as health providers invest in advanced information and
communication systems, it is in everyone’s interest to create a workforce which has both the
skills and knowledge to use technology to transform health care.
The key beneficiary of education will include many of the following groups:
1. Professional or Regulatory Bodies for:
a) Clinicians
b) Health Care Managers
c) Knowledge Managers: Library and Information Staff
d) Nursing and MI Professionals
e) Information Management and Technology Staff (IM&T)
2. Government Agencies and Departments
3. Academia / Educational Providers
4. Industry and Suppliers —providers of health information systems, medical software,
vendors
5. Employers —Health care Providers
6. Funding and Commissioning Bodies
7. Patients and Care-givers
59
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8. Standards Agencies
9. Health Science Libraries
Evidence on the benefits of BMI education and training would convince beneficiaries of
education that BMI skills are important to the organization and to the quality of patient care.
Based on the research and development in the UK environment, Murphy proposed the following
ways in which beneficiaries of education might promote BMI competencies: provide funding,
mentoring and careers advice and protected time off from work, create incentives for
professionals to engage in education and local learning networks, learning sets, learning
communities, ensure adequate library and computer support in the workplace and keep side by
side of local, national and international trends in relation to BMI (Murphy, 2004).
8.2.2. Major topics: New trends
Knaup et al. in (Knaup et al, 2009) have recently highlighted the following topics as trends,
which have to be considered for the development of an updated BMI educational Program:
x

Expansion of BI (due to the successes of the Human Genome Project),

x

Clinical and translational research,

x

Personal health record or consumer participation,

x

Ubiquitous computing and intelligent user-friendly interfaces,

x

Socio-technical skills and education to adoption of innovative technologies and eHealth
applications by users (Knaup et al, 2009)

BI knowledge and experience combined with MI can guide to clinical genomic personalized
medicine (Knaup et al, 2009; Van Mulligen et al, 2008), the implementation of the health
information systems with Electronic health record, would promote clinical and translational
research, integrating clinical research and BI information systems, consumer involvement in
decisions about his personal health and to encourage him to use personal health records (PHR) ,
the assuredness of quality of information in PHR, for example, are major topics so a BMI
program should instruct about them (Knaup et al, 2009).
Similarly, Nanomedicine and Regenerative medicine have acquired importance in the last years
and technologies to support them are mandatory to manage this kind of information.
8.2.3. Nanoinformatics: Cultural and Educational Aspects
Education in the new area of Nanoinformatics exacerbates the problems of range and depth of
content and practice already faced by BMI. Nanoinformatics adds areas such as advanced
quantum physics and chemistry, including nanotoxicity, with new models of imaging,
pharmacodynamics, which go beyond traditional research and curricula in BMI. Future
professionals with expertise in nanoinformatics may have an important role to play as
information brokers, connecting people with diverse backgrounds and expertise who would,
otherwise, have a difficult time understanding each other. In such futuristic academic programs
for nanoinformatics/nanomedicine, informatics methods and tools could play a central role for
students and professionals by helping understand and manage such the new concepts needed,
without converting themselves into quantum physicists or chemists.
In such new context, Nanoinformatics concepts and issues could be added to current Biomedical
Informatics curriculum whereas Biomedical Informatics concepts and techniques could be
added to educational programmes in Nanomedicine.
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At present, there is no a wide consensus regarding courses in either nanobiotechnology or
Nanomedicine in medical curricula (Kewal, 2008; Nanomedicine-Nanotechnology for Health:
European Technology Platform, Strategic Research Agenda for Nanomedicine, 2006).
Continuing the EU strategic research agenda of Nanomedicine (Nanomedicine-Nanotechnology
for Health: European Technology Platform, Strategic Research Agenda for Nanomedicine.
2006), in section 3.7 of the “Nanomedicine Nanotechnology for Health”, entitled “Education
and Training needs”, many aspects for encouraging the Nanomedicine education in Europe are
highlighted. The main ideas can be summarized as follows:
x

Establishing comprehensive education programs in Europe;

x

At first, these programs should concentrate on graduate students of basic disciplines like
biology, chemistry, physics, material or medical science;

x

Utilizing eLearning technologies for broadly disseminating these programs through
Europe;

x

Establishing training programs for the industry and all healthcare professions;

x

Encouraging education mobility programs (especially for post graduates) to get used
from the different expertise and center of excellence spread across Europe.

In such context, the International Medical Informatics Association (IMIA) Recommendation on
education in Biomedical and Health Informatics (BMI) on education in health and MI, 2000)
has shown a clear trend in integrating closely related fields to Biomedical Informatics, namely,
molecular biology, nanosciences, biomedical engineering, and medical information sciences
into the overall curriculum design. In this way, these fields will share knowledge, methods, and
tools with BMI. This document has been updtated recently, including nanoinformatics issues
(Mantas et al., 2010).
The learning outcomes integrate these related disciplines as ‘optional elements’ according to
focus of the program. Consequently, the different programs have the flexibility to incorporate
these related disciplines according to their needs according to the cultural, ICT infrastructure,
technology advances in the country and the main specialization of the institution.
To the authors’ knowledge, there is no education/training program in Nanoinformatics. All
current activities in Nanomedicine are mainly oriented to tackle research challenges from a
chemical/physical or medical perspective not yet from informatics. In the other hand, the
Nanoinformatics discipline by itself is still under development for many reasons, such as
(Martín-Sanchez et al, 2008):
x

Nanomedicine is still a novel discipline and needs collaboration between various
disciplines: physics, chemistry, biology, engineering, information technology, and
medicine;

x

Nanomedicine gathers and deals with large volumes of complex, heterogonous, and
distributed data which is different than the biomedical data;

x

Nanotechnology applications in healthcare are still under development. The main
developed nanotechnologies are: image processing, modelling and simulation,
nanolibraries and databases for nanomaterials.

In fact, the new IMIA updated recommendations (Mantas et al, 2010) include the integration of
disciplines closely related to the core field of BMHI, such as biomedical engineering, medical
information sciences, molecular biology or nanosciences. Those fields share knowledge,
methods and tools with BMI.
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The main aim of such new nano-focused training will be to support informaticians in the
following (Martín-Sanchez et al, 2008):
x

Designing informatics tools to process generated Nanomedicine knowledge and
integrate it with the biomedical data;

x

Developing effective tools and technologies for collecting, standardizing, sharing,
analysing, and visualizing nanoscale relevant information;

x

Developing standards and ontologies in nanotechnology;

x

Nanomedicine knowledge bases;

x

Nanostructure modeling and simulation.

In addition, this will support the Nanoinformatics aspects as identified by Fritts (Fritts, 2007)
x

Experimental data, experimental methods, standards, material structures, synthesis
information;

x

Analyzed data, “class” activities (properties),
Relationships (QSARs), theory and models;

x

Computational results, computer codes, test and validation suites, tools and training;

x

Data sharing, databases, data dictionaries, metadata, IT infrastructure and methods;

x

Formats and standards – text, data, graphics, 3D structures and movies;

x

Error and uncertainty analysis, computer codes embedded in instrumentation and interlaboratory studies;

x

Knowledge sharing; ontology; semantic content for search and discovery; namespaces;
(disciplines, assays, animal models, cell lines, best practices);

x

Annotation, curation, archiving and updating;

x

Research , translation and educational infrastructure;

x

Collaboration infrastructure.

Quantitative

Structure-Activity

Current situation
We can summarize the current situation with a list containing various bullets with significant
importance for education in the Nano areas (particularly for biomedical students and
professionals):
x

There is a need for a system for exposing students to the industry of nanotechnology;

x

The education/training programs should tackle the challenges of employing the
Nanomedicine at wider scale;

x

Developing an integrated framework for medicine training programs covering ethics,
scientific methodology, regulatory requirements, assessments of risk and benefit,
intellectual property issues, and understanding of the business environment;

x

Developing guidelines for incorporating new medicine trends in clinical practice;

x

These new trends in medicine should be developed through international networks of
researchers utilizing inter-disciplinary training and education programs in order to
reduce the gaps in healthcare between developed and developing countries;

x

Utilizing educational resources portals and virtual simulation tools for nanoscience
education;
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x

Using High Performance Computing (HPC) and Grid Computing for providing
integrative biomedical research (Kurc et al, 2009).

Nanoinformatics Cultural Aspects
Nanomedicine and Cultural Heritage
Being defined as a specialized measurement or intervention —at a molecular scale— needed to
treat disease or restore functions, Nanomedicine means application of nanotechnology in
medicine and health care 60 . The culture is defined as the set of shared attitudes, values, goals,
and practices that characterizes an institution, organization or group 61 , or, according to Edward
Burnett Tylor as the complex which includes knowledge, belief, art, morals, law, custom, and
any other capabilities and habits acquired by man as a member of society62. As such the culture
cannot be separated of Nanomedicine either. Experiences from the past in practicing
nanotechnology in medical research and medical/health practice should be transferred to culture
of behavior, to creating or changing attitudes, values, goals and practices. Knowledge is
growing, and together with beliefs, art and moral change attitudes, values and goals. Law is
needed for regulation of customs and everything what could affect practice and life dealing with
Nanomedicine.
The main questions on perceiving cultural and ethical issues of Nanomedicine and what are
ethical, legal, social, and other consequences of it, as well as the potential economic costs of
such treatment are the subjects of the particular social surroundings, level of knowledge and
development, but also beliefs or religions. The popular common feeling on “mad scientists” and
fear of everything new could create cultural perceiving (acceptance/decline) nanotechnology in
medicine.
According to Schumer there are five dimensions of sociocultural conditions (language, cultural
heritage, economy, politics, and ethics) entailing a large variety of different perceptions of
ethical issues in general and consequently to Nanomedicine (Schumer, 2006):
1. Language
Definition of term “Nanomedicine”, “nanotechnology” or “Nanoinformatics” is the problem
dealing with language. The problem is how to translate this term in different languages. Formal
translation, which does not care about the real content, could imply misunderstanding. Do we
need, so called, nominal definition (necessary and sufficient conditions), “real” definition (list
of particular cases of current research topics), or “teleological” definition (defining the term in
terms of future goals)? It could be supposed that all the three point of view should be included
in the definition of Nanomedicine, nanotechnology and Nanoinformatics.
2. Cultural heritage
Perception of Nanomedicine, nanotechnology, Nanoinformatics is dependent of a particular
culture (e.g. “reshaping nature atom by atom” can be accused in sense of “playing the role of
God”, or fear of “loss of control” for “use of nanotechnology in enhancing human intelligence”,
etc.)
3. Economy
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CIoHR. Regenerative Medicine and Nanomedicine Initiative. The fourth request for application (RFA).
http://www.chr-irscgcca/e/34336.html
61
Wikipedia. Culture - definition
62
Jokilehto J. Definition of Cultural Heritage, References to Documents in History.
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Economic conditions could make a pressure on suppressing ethical issues in both developed and
undeveloped countries (one for insisting on applying nanotechnologies, the other for insisting
on non-applying such technology – for different reasons).
4. Politics
Decisions on R&D on nanotechnology, Nanomedicine, Nanoinformatics are dependent on
political conditions (autocratic model, information-plus-debate model or democratic model).
Consequently, attitudes of public are affected by it.
5. Ethics
In any society the ethics is moderated in a specific way. It depends on what the society is
insisting (on “nanotechnology Yes” or on “nanotechnology No”).
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9.

CONCLUSIONS

The ACTION-Grid White Paper is an early effort to establish some common foundations for the
new area of Nanoinformatics, based on a collaborative work from a group of partners and
experts from different geographical areas. As presented in the whole document, professionals
from the EU, Western Balkans, Africa, Latin America and the USA have worked together for
two years in various areas and topics. These included, for instance:
x

To elaborate a survey on current activities and future challenges in BMI, Grid and
Nanoinformatics/nanomedicine. This survey was helped by using a “Resourceome”, a
text mining-based database of biomedical resources and BIKMAs, a knowledge
management system of biomedical contents.

x

To establish different e-learning activities, particularly focused on finding new
challenges in developing areas —like Africa— and establishing the requirements for
new academic programs in Nanomedicine/Nanoinformatics

x

To write a White Paper on future key issues in all these areas, pointing out significant
key issues, priorities and challenges in these areas.

x

To disseminate results in scientific conferences, journals and other media, facilitating
awareness of the results of the project and enhancing academic and scientific
recognition of these outcomes.

In summary, here are some of the conclusions that we want to extract from the contents of this
White Paper:
1. ICT for Health in Europe faces enormous challenges in the future, in a wide number of
issues. These include, for instance, from a technical perspective, interoperability of
systems —like creating a European standard for EHRs—, the development and use of
open source software and the development of new standards. From a commercial
perspective, the European industry should accelerate the transition of academic and
research outcomes to commercial applications —a path which seems to be much shorter
in the USA.
2. There are enormous possibilities for transferring results to developing countries. In this
regard, one target area is Africa. Until now, few efforts have been focused to transfer
R&D results from Europe —e.g., from ICT for Health projects— into Africa. The
development and transfer of open source software in a wide variety of topics to Africa
could have a significant impact in health care and research in Africa, supporting better
patient care, new academic groups and a stronger industry in the area. Such
developments could lead to a great advance in all medical areas in Africa, providing
great feedback and industrial opportunities in Europe.
3. Biomedical Informatics has emerged as a solid discipline from a synergy between
Medical Informatics and Bioinformatics. Applications in many areas, defined under the
umbrellas of terms like “genomic medicine”, “Personalized medicine” or “Translational
Bioinformatics”, introduced significant challenges to researchers in the area over the
last ten years. In such context, Nanoinformatics emerge like either: a) a potentially new
and different discipline, whose scope could be linked in some way with BMI or b) a
new BMI subdiscipline, where classical BMI methods, tools and approaches can be
reused or easily adapted. From a software engineering perspective, there are many
methods and tools that have been developed within BMI that could benefit
nanomedicine. Informatics tools can be invaluable in accelerating the design and
implementation of nanoparticles and devices and the evaluation of in-vitro and in-vivo
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applications which will help advance nanomedicine. As we have tried to show here, we
believe that the right answer could lay in the middle of both choices. Anyway, it is too
early to adopt a concrete position.
In the Nano part of this White Paper, we have tried to show the enormous potential applications
of Nanomedicine, both from a medical and industrial perspective, and the challenges that this
new area brings for informaticians. Various types of nanoparticles can be used in Nanomedicine
for different purposes. For instance, dendrimers and nanospheres can be used as drug carriers or
quantum dots can be used as markers for diagnosis and monitoring tasks. Research on quantum
dots and development of new nanoparticles for drug delivery benefit from physical
characteristics, which were not available previously, so nanoinformaticians deal with new
challenges and will need different foundations and rationales than those that have been effective
in the past at macro levels. However it is likely that the cost of research in nanomedicine will
significantly increase the cost of research in biomedicine as the simulation and experimentation
with particles, environments, functions, toxicities and other aspects of nanomedicine encourages
more researchers to work on nanomedical applications. By creating new modelling and
simulation methods and tools, building databases and ontologies and the interoperable
infrastructures required for research, informatics researchers will have a decisive impact on
nanomedicine, collaborating with advanced labs in academic settings, hospitals and industry.
Such informatics’ research will require substantial financial support, like BMI and systems
biology —at least— and will increase the opportunities for advances in healthcare by various
orders of magnitude.
We can anticipate that nanoparticles will have a primary role in biomedical research within the
next decades and that Nanomedicine will become part of routine medical care. From the
perspective of national health systems, the increasing costs of new preventive approaches
(biomarkers, routine genome sequencing, etc) and their application to entire populations may
prove to be such a financial burden that support for personalized medicine will require new
economic models for healthcare. Rises in cost with nanomedicine might increase the existing
divide between rich and poor people and countries and create even greater social and political
challenges. Yet, from a positive perspective, informatics may be able to help investigate the
planning and allocation strategies that could identify those patients where the benefits of the use
of nanomedicine can be anticipated to be most significant, cost effective, and of human value.
At the same time, an adequate information and knowledge management infrastructure can
provide input to improve clinical decisions —by anticipating, for instance, the possible toxic
effects of nanoparticles.
Then, to conclude this document, we can summarize the different aspects that Nanoinformatics
can address and its relevance at the European —and international— level.
a) Economic: nanotechnology and nanomedicine are two areas with an enormous
financial importance, with exponential growth in terms of investment and revenues,
with also large expectations for new job opportunities in the different areas and topics
linked to nano issues. In this regard, ACTION-Grid has pointed out new directions,
linking computing topics to traditional nanotechnology issues, finding new topics for
synergies between two important sectors —computing and nanotechnology.
b) Industrial: many companies develop new nanomaterials and nanoparticles with a
large range of applications, including medical, chemical, cosmetic, physical, computing
and others. In contrast, informatics applications for nanotechnology have been usually
restricted to academic environments, following an “ad hoc” practical approach focused
on specific applications. By showing the role and challenges of developing computing
applications for the nano areas, Nanoinformatics can lead to new industrial areas of
development. In addition, new informatics techniques may allow new companies and
academic settings to work on nanotechnology and nanomedical research by developing
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informatics methods and tools, without the large budget resources that are usually
necessary for traditional research in the area.
c) Scientific: the number of professionals, conferences, journals and societies focusing
on nano areas shows the growing importance of the field. In contrast, Nanoinformatics
is an area that has led to only a few references at the time of writing —and, incidentally,
with a predominant participation of participants in this White Paper. Anyway,
throughout this document, we have tried to show the importance and challenging
aspects of these areas. In this regard, the publication of the White Paper and associated
reports published by the consortium in top ranked journals aim to become an early
reference in the field. In particular, we have focused this scientific proposal in five
Grand Challenges, which were fully expanded in the above:
x
x
x
x
x

Data, repositories, standards
Interoperability: semantic search and ontologies
Extension of the European VPH (Virtual Physiological Human) Programme
Translational nanoinformatics
Linking nano information to the Electronic Health Record

d) Educational: training in nano-related topics have been, until now, usually restricted
to programmes in the chemical and physical areas, which now should be expanded to
other areas e.g., medicine, engineering, computer science to deal with the involved
issues. In this regard, members of the consortium have elaborated new guidelines for
nano-related education in the framework of the International Medical Informatics
Association. New academic programmes can be created or new sections of classical
programmes —e.g., BMI or medicine— can be expanded by introducing nano-related
topics and areas. Similarly, new working groups in societies like IMIA, EFMI or AMIA
can be created to address nano-related issues.

e) Societal: nanotechnology and nanomedicine have important associated issues, like
nanotoxicity both animal and environmental, the involved ethical issues and also
cultural, media, entertainment, philosophical and even religious aspects that have been
previously proposed elsewhere out of the ACTION-Grid scope. In parallel to
ACTION-Grid, members of the consortium have carried out research not directly
supported by the EC, since Support Actions are not designed to fund specific research
projects to advance in the identification of informatics resources such as, for instance,
databases, publications and software tools to address data and knowledge management
of nanotoxicity issues. In this regard, the consortium has made a great effort to
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disseminate the objectives and outcomes of the project through media releases and the
project Website, which has attracted a lot of attention from different places.
f) Informatics: Over the last years, European Commission-supported projects have
produced a large number of resources and tools that can be valuable for Biomedicine
and Nanomedicine. ACTION-Grid aimed to survey Grid/ Nano/ Bio/Medical
informatics resources among countries of three continents to enhance international
collaboration and enhance research on these areas. The design of methods to build such
a “resourceome”, containing nano resources, and publications in top-ranked journals
showed the feasibility of such approach. In this regard, there are challenges for linking
Biomedical Informatics and Nanoinformatics objectives, methods and tools that can be
shared, exchanged and reused. Examples include databases, informatics tools,
ontologies (biomedical and nano), services, etc.
g) European policies: the European Commission have dealt with nano-related issues in
directorates related to Nanotechnology and Health issues, but not in areas like ICT for
Health —at least until ACTION-Grid. The project is the first European initiative linking
BMI, Grid and Nanomedicine, gathering topics, ideas and people from different areas
traditionally covered from different EC areas. In this regard, ACTION-Grid opens a
new perspective for EC-related policies and programmes, particularly those linking ICT
areas and nanotechnology and health areas. Former proposals where members of the
consortium participated paved the way for issues like the VPH and clinico-genomic
integration, with EC funding over 100 MEuros over the last decade. In this regard,
challenges for new ideas and programmes arise again in the nano areas, linking
directorates and many people working in the involved areas.
h) International: the composition of the ACTION-Grid consortium and panel of experts
and reviewers, previously mentioned, shows an expanded scope, beyond the traditional
framework of most EC-supported projects. In this case, experts from BMI, bio, medical
and nano areas from various continents gathered to work on a new topic, to design new
directions for R&D. In this regard, activities related to aspects such as collaborative
research and development of tools, standards, databases, publications and others have
shown the feasibility of linking together people with related objectives and work
towards a common target. Recently, new opportunities for funding have appeared and
European groups can be funded by the US NIH and NSF and viceversa. This new
environment will facilitate collaborative research and exchange, as it happened in
former joint initiatives like the Human Genome Project. In the nano areas, such
international collaboration will be fundamental to advance research in the area.
In this regard, the European Commission —and other scientific agencies— has a great
opportunity to support further efforts in this area, which should lead to new biomedical research
directions and new clinical applications of nanomedicine. Such support should foster
interactions of the various scientific communities involved in this new interdisciplinary field.
For such purpose, we have elaborated this White Paper on Nanoinformatics, pointing out a
rationale, their areas of interest, a series of “Grand Challenges” and possible key issues and
opportunities for new EC programmes and Calls, whose topics could be used to launch and
sustain these fields in Europe and establish a roadmap in the area.
Finally, we want to invite worldwide professionals interested in the field to contact the
ACTION-Grid consortium and provide feedback, suggestions or different ideas. We aim that
this White Paper will be enhanced by such collaborative work in future versions.
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ANNEX I: ACRONYMS
AMIA: American Medical Informatics Asssociation
BI: Bioinformatics
BIE: Biological Engineering, Bioengineering
BME: BioMedical Engineering
BMHI: Biomedical and Health Informatics
BMI: Biomedical Informatics
BsC: Bachelor of Science
CDSS: Clinical Decision Support Systems
CIS: Clinical Information Systems
COPs: Communities of Practice
EBM: Evidence-Based Medicine
EC: European Commission
EHCR: Electronic Health Care Record
EHR: Electronic Health Record
EMEA: European Medicines Agency
ESFRI: European Strategy Forum for Research Infrastructures
EU: European Union
FDA: Food and Drug Administration agency (US)
GDP: Gross Domestic Product
HIS: Hospital Information Systems
HIV: Human immunodeficiency Virus
HPC: High Performance Computing
HSEES: Hazardous Substances Emergency Events Surveillance
ICT: Information and Communication Technologies
IMIA: International Medical Informatics Association
IPR: Intellectual Property Rights
IT: Information Technologies
IVD: In Vitro Diagnostics
LIS: Laboratory Information Systems
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MD: Medical Doctor
MDA: Model-Driven Approach
MI: Medical Informatics
MRI: Magnetic Resonance Imaging
MsC: Master of Science
NBIC: Nano-Bio-Info-Cogno (Convergent Technologies)
NBT: NanoBioTechnology
NCI: National Cancer Institute
NIH: National Institutes of Health (US)
NIOSH: National Institute for Occupational Safety and Health (US)
NIST: National Institute of Standards and Technology (US)
NPO: Nanoparticle ontology
PAMAM: Polyamidoamine
PDSS: Physician Decision Support Systems
PHCS: Primary Health-Care Systems
PhD: Philosophy Doctor
POC: Point-Of-Care
QDs: Quantum dots
QSAR: Quantitative structure-activity relationship
RHIO: Regional Health Information Organization
R&D: Research and Development
SA: Support Action
SAB: Scientific Advisory Board
SNP: Single Nucleotide Polymorphisms
SOA: Service-Oriented Architecture
SOAP: Simple Object Application Protocol
SWOT: Strengths, Weaknesses, Opportunities, Threats
UK: United Kingdom
UDDI: Universal Description, Discovery and Integration
US: United States
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VPH: Virtual Physiological Human
WSDL: Web Service Description Language
WSRF: Web Services Resource Framework
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ANNEX II: DEFINITIONS
Anonymisation: Changing or deleting personal data in such a way that they cannot be related to
an individual person or only by means of significant cost, time or effort.
Biobank: A biobank is a place that collects, stores, processes and distributes biological
materials and the data associated with those materials. Typically, those “biological materials”
are human biospecimens—such as tissue or blood—and the “data” are the clinical information
pertaining to the donor of that biospecimen. A biobank can also include tissues from other
animals, cell and bacterial cultures, and even environmental samples.
Biocompatible: In surgery, synthetic or natural material used to replace part of a living system
or to function in intimate contact with living tissue. Biocompatible materials are intended to
interface with biological systems to evaluate, treat, augment or replace any tissue, organ or
function of the body.
Bioengineering: Application of engineering principles to address challenges in the fields of
biology and medicine.
Biomarker: Substance used as an indicator of a biological state. It is a characteristic that is
objectively measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention. In medicine, a biomarker is
a term often used to refer to a protein measured in blood whose concentration reflects the
severity or presence of some disease state. More generally a biomarker is anything that can be
used as an indicator of a particular disease state or some other biological state of an organism.
Biomaterial: Any material, natural or man-made, that comprises whole or part of a living
structure or biomedical device which performs, augments, or replaces a natural function.
Biomedical Engineering: Application of engineering principles and techniques to the
biomedical field.
Bioinformatics: Management and processing of information with respect to the genomic point
of view. Bioinformatics can be defined as the application of information technology and
computer science to the field of molecular biology.
Biomedical Informatics: Synergy between the independent fields of Medical Informatics and
Bioinformatics.
Biomedicine: This term comprises the knowledge and research which is more or less in
common to the fields of medicine, veterinary medicine, odontology and fundamental
biosciences such as biochemistry, chemistry, biology, histology, genetics, embryology,
anatomy, physiology, pathology, biomedical engineering, zoology, botanics and microbiology.
Bioreactor: A bioreactor is a vessel in which is carried out a chemical process which involves
organisms or biochemically active substances derived from such organisms.
Buckyball: A sphere of sixty carbon atoms, also called a Buckminsterfullerene. Named after
the architect Buckminster Fuller, who is famous for the geodesic dome that buckyballs
resemble.
Clinical Trial: Clinical trials are research studies that test how well new medical approaches
work in people. Each study answers scientific questions and tries to find better ways to prevent,
screen for, diagnose or treat a disease. Clinical trials may also compare a new treatment to a
treatment that is already available.
136

Cloud computing: Cloud computing is Internet- ("cloud-") based development and use of
computer technology. In concept, it is a paradigm shift whereby details are abstracted from the
users who no longer need knowledge of, expertise in, or control over the technology
infrastructure "in the cloud" that supports them. It typically involves the provision of
dynamically scalable and often virtualized resources as a service over the Internet.
Communities of Practice: Group of people who share an interest, a craft, and/or a profession.
The group can evolve naturally because of the member's common interest in a particular domain
or area, or it can be created specifically with the goal of gaining knowledge related to their field.
Data Warehouse: Repository of an organization's electronically stored data. Data warehouses
are designed to facilitate reporting and analysis. The means to retrieve and analyze data, to
extract, transform and load data, and to manage the data dictionary are also considered essential
components of a data warehousing system. An expanded definition for data warehousing
includes business intelligence tools, tools to extract, transform, and load data into the repository,
and tools to manage and retrieve metadata.
Dendrimer: Artificially manufactured or synthesized molecule built up from branched units
called monomers. Such processes involve working on the scale of nanometers. Technically, a
dendrimer is a polymer, which is a large molecule comprised of many smaller ones linked
together.
Distributed Computing: Use of distributed systems to solve computational problems. In
distributed computing, a problem is divided into many tasks, each of which is solved by one
computer.
Drug delivery systems: Systems for the delivery of drugs to target sites of pharmacological
actions. Technologies employed include those concerning drug preparation, route of
administration, site targeting, metabolism, and toxicity.
eHealth: Recent term for healthcare practice which is supported by electronic processes and
communication. The term is inconsistently used: some would argue it is interchangeable with
health care informatics and a sub set of health informatics, while others use it in the narrower
sense of healthcare practice using the Internet. The term can encompass a range of services that
are at the edge of medicine/healthcare and information technology: Electronic Health Records,
Telemedicine, Consumer Health Informatics, Health knowledge management, Virtual
healthcare teams, Health Grids, Healthcare Information Systems, etc.
Gene regulation: Any of the processes by which nuclear, cytoplasmic, or intercellular factors
influence the differential control of gene action at the level of transcription or translation. These
processes include gene activation and genetic induction.
Genomics: The systematic study of the complete DNA sequences (genome) of organisms.
Grid computing: Combination of computer resources from multiple administrative domains
applied to a common task, usually to a scientific, technical or business problem that requires a
great number of computer processing cycles or the need to process large amounts of data.
Health Informatics: Health informatics is the convergence of information science, computer
science, and health care. It deals with the resources, devices, and methods required to optimize
the acquisition, storage, retrieval, and use of information in health and biomedicine. Health
informatics tools include not only computers but also clinical guidelines, formal medical
terminologies, and information and communication systems. It is applied to the areas of nursing,
clinical care, dentistry, pharmacy, public health and medical research.
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Healthcare delivery system: Connotes the structure and functioning of health-care services
delivery organizations. Structure incorporates primary health-care units, secondary and tertiary
hospitals (the latter targeted to specialized services delivery) while functioning encompasses the
tasks necessary to effectively manage patients, such as: inpatient and outpatient services,
emergency care, home-care, etc. Structure and functioning and health-care service delivery
should be based on the best available evidence, conform to accepted quality standards, and be
safe.
High Performance Computing: High-performance computing (HPC) uses supercomputers and
computer clusters to solve advanced computation problems. Today, computer systems
approaching the teraflops-region are counted as HPC-computers.
Image processing: Any form of signal processing for which the input is an image, such as
photographs or frames of video; the output of image processing can be either an image or a set
of characteristics or parameters related to the image. Most image-processing techniques involve
treating the image as a two-dimensional signal and applying standard signal-processing
techniques to it.
Intellectual Property Rights: Intellectual Property Rights are rights granted to creators and
owners of works that are the result of human intellectual creativity. The main intellectual
property rights are: copyright, patents, trademarks, design rights, protection from passing off,
and the protection of confidential information.
Interoperability: Property referring to the ability of diverse systems and organizations to work
together (inter-operate). The term is often used in a technical systems engineering sense, or
alternatively in a broad sense, taking into account social, political, and organizational factors
that impact system to system performance.
Lab-On-Chip: Device that integrates one or several laboratory functions on a single chip of
only millimeters to a few square centimeters in size. Lab-On-Chips deal with the handling of
extremely small fluid volumes down to less than picoliters.
Macromolecule: A complex large molecule formed from simpler molecules, usually with a
diameter ranging from about 100-10 000 angstroms (10-5 to 10-3 mm). In the context of
biochemistry, the term may be applied to the four conventional biopolymers (nucleic acids,
proteins, carbohydrates, and lipids), as well as non-polymeric molecules with large molecular
mass such as macrocycles.
Mass Spectometry: An analytical technique for the determination of the elemental composition
of a sample or molecule. It is also used for elucidating the chemical structures of molecules,
such as peptides and other chemical compounds. The mass spectrometry principle consists of
ionizing chemical compounds to generate charged molecules or molecule fragments and
measurement of their mass-to-charge ratios.
Medical Informatics: Application of computer technology to all fields of medicine—medical
care, medical teaching, and medical research. Medical informatics comprises the theoretical and
practical aspects of information processing and communication, based on knowledge and
experience derived from processes in medical and health care.
Member States: A Member State of the European Union is any one of the 27 sovereign
states that have acceded to the European Union since its de facto inception in 1951 as the
European Coal and Steel Community (ECSC).
Metabolomics: Systematic study of the unique chemical fingerprints that specific cellular
processes leave behind; specifically, the study of their small-molecule metabolite profiles.
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Microarray: 2D array on a solid substrate (usually a glass slide or silicon thin-film cell) that
assays large amounts of biological material using high-throughput screening methods.
Molecular Biology: A discipline concerned with studying biological phenomena in terms of the
chemical and physical interactions of molecules. It can be seen as a branch of genetics which
deals with the chemical structure of the genes and with the mechanisms by which the genes
control and regulate the structure and synthesis of proteins.
Molecular Dynamics: Molecular dynamics is a form of computer simulation in which atoms
and molecules are allowed to interact for a period of time by approximations of known physics,
giving a view of the motion of the particles. This kind of simulation is frequently used in the
study of proteins and biomolecules, as well as in materials science.
Molecular Modeling: Theoretical methods and computational techniques to model or mimic
the behaviour of molecules. The techniques are used in the fields of computational chemistry,
computational biology and materials science for studying molecular systems ranging from small
chemical systems to large biological molecules and material assemblies.
Molecular Profiling: Molecular profiling is defined as the classification of biological
specimens, like tissues, blood, or urine, based on multiple molecule (like gene, protein, miRNA)
expression patterns or genomic changes for diagnostic, prognostic, and predictive purposes.
Nanoarray: An ultra-sensitive, ultra-miniaturized array for biomolecular analysis.
Nanobiotechnology: Discipline that applies the tools and processes of nano/microfabrication to
build devices for studying biosystems.
Nanocapsule: Nanocapsules are submicroscopic colloidal drug carrier systems composed of an
oily or an aqueous core surrounded by a thin polymer membrane.
Nanocarrier: Nanocarriers are effective non-viral vectors for drug and gene delivery with low
immunogenicity in comparison with viral vectors.
Nanodevice: A nanodevice is a bottom-up fabricated electronic, mechanical, electromagnetic,
radiating energy, biological or optical nanoscale device. Nanoscale devices (less than 100
nanometers) can enter cells and the organelles inside them to interact with DNA and proteins.
Tools developed through nanotechnology may be able to detect disease in a very small amount
of cells or tissue. They may also be able to enter and monitor cells within a living body.
Nanoinformatics: Nanoinformatics describes the application of computer technology,
information science and molecular simulations to organize, interpret, and predict the structure
and physico-chemical properties of nanoparticles and nanomaterials.
Nanomaterial: Material with morphological features on the nanoscale, which have special
properties stemming from its nanoscale dimensions.
Nanomedical Informatics: Nanomedical informatics can be seen as the extension of
Biomedical Informatics at the atomic scale.
Nanomedicine: Nanomedicine is the medical application of nanotechnology. The approaches to
Nanomedicine range from the medical use of nanomaterials, to nanoelectronic biosensors, and
future applications of molecular nanotechnology. Current problems for Nanomedicine involve
understanding the issues related to toxicity and environmental impact of nanoscale materials.
Nanometer (nm): One billionth, or 109, of a meter where, the spacing of atoms (carbon-carbon
bond lengths) in a molecule is in the range 0.12–0.15 nm; a DNA double-helix has a diameter
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around 2 nm; and the smallest cellular life-forms (e.g., the bacteria of the genus Mycoplasma)
are around 200 nm in length.
Nanoparticle: Nanoparticles are particles of less than 100nm in diameter that exhibit new or
enhanced size-dependent properties compared with larger particles of the same material.
Nanoparticle research is currently an area of intense scientific research, due to a wide variety of
potential applications in biomedical, optical, and electronic fields.
Nanosensor: Nanosensors are any biological, chemical, or sugery sensory points used to
convey information about nanoparticles to the macroscopic world. Though humans have not yet
been able to synthesize nanosensors, predictions for their use mainly include various medicinal
purposes and as gateways to building other nanoproducts, such as computer chips that work at
the nanoscale and nanorobots. Presently, there are several ways proposed to make nanosensors,
including top-down lithography, bottom-up assembly, and molecular self-assembly.
Nanosphere: A nanosphere is a particle having a solid spherical-type structure with a size of
less than about 1000 nanometers into which the active molecules are trapped.
Nanostructure: A material structure assembled from a layer or cluster of atoms with size of the
order of nanometers.
Nanotechnology: Areas of technology where dimensions and tolerances in the range of 0.1nm
to 100nm play a critical role.
Nanotoxicology: Nanotoxicology is the study of the toxicity of nanomaterials. The
nanomaterials, even when they are made of inert elements like gold, become very active at a
nanometer range. Nanotoxicological studies are intended to determine whether and to what
extent these may pose a threat to the environment and to human beings.
Nanotube: A one-dimensional fullerene (a convex cage of atoms with only hexagonal and/or
pentagonal faces) with a cylindrical shape.
Nanowires: One-dimensional structures, with unique electrical and optical properties, that are
used as building blocks in nanoscale devices.
Ontology: In computer science and information science, an ontology is a formal representation
of a set of concepts within a domain and the relationships between those concepts. It is used to
reason about the properties of that domain, and may be used to define the domain. In theory, an
ontology is a "formal, explicit specification of a shared conceptualisation" (Tom Gruber, 1993).
An ontology provides a shared vocabulary, which can be used to model a domain — that is, the
type of objects and/or concepts that exist, and their properties and relations.
Pathway: A biological process describing the flow or functional association of multiple gene
products and metabolites defining a network of cause-effect relationships.
Personal health: Targeted to the individual. Encompasses deployment of activities aiming
toward individual health / illness status.
Personalized Medicine: The application of genomic and molecular data to better target the
delivery of health care, facilitate the discovery and clinical testing of new products, and help
determine a person's predisposition to a particular disease or condition.
Proteomes: The set of proteins expressed by the genetic material of an organism under a given
set of environmental conditions.
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Proteomics: Refers to all the proteins expressed by a genome, and thus proteomics involves the
identification of proteins in the body and the determination of their role in physiological and
pathophysiological functions.
Public health: Public health, as the macro level of health, can be defined as "the science and art
of preventing disease, prolonging life and promoting health through the organized efforts and
informed choices of society, organizations, public and private, communities and individuals.
Quantitative Structure-Activity Relationships: Statistical relationship, derived from
experimental data, between a property of interest and key structural characteristics of the
molecules in the study - like their shape.
Quantum Computing: Quantum computing is the area of study focused on developing
computer technology based on the principles of quantum theory , which explains the nature and
behavior of energy and matter on the quantum (atomic and subatomic) level. The quantum
computer, following the laws of quantum physics, would gain enormous processing power
through the ability to be in multiple states, and to perform tasks using all possible permutations
simultaneously.
Quantum Dot: A nano-scale crystalline structure that can transform the color of light. The
quantum dot is considered to have greater flexibility than other fluorescent materials, which
makes it suited to use in building nano-scale computing applications where light is used to
process information. They are made from a variety of different compounds, such as cadmium
selenide.
Quantum Mechanics: Set of principles describing the physical reality at the atomic level of
matter (molecules and atoms) and the subatomic (electrons, protons, and even smaller particles).
These descriptions include the simultaneous wave-like and particle-like behavior of both matter
and radiation ("wave–particle duality"). Quantum Mechanics is a mathematical description of
reality, like any scientific model.
Regenerative Medicine: A field of medicine concerned with developing and using strategies
aimed at repair or replacement of damaged, diseased, or metabolically deficient organs, tissues,
and cells via tissue engineering, artificial and bio-artificial organs and tissues and cell
transplantation.
Research: Multi-level purposeful activity, which extends horizons in health-care service
delivery practice and health-care delivery systems organization and management.
Sensor: Device that measures a physical quantity and converts it into a signal which can be read
by an observer or by an instrument.
Spin-off: Company that falls into at least one of the four following categories: i) companies that
have an equity investment from a national library or university; ii) companies that license
technology from a public research institute or university; iii) companies that consider a
university or public sector employee to have been a founder; and iv) companies that have been
established directly by a public research institution
Stakeholder: A stakeholder is a person who has something to gain or lose through the
outcomes of a planning process or project. In many circles these are called interest groups and
they can have a powerful bearing on the outcomes of political processes. It is often beneficial
for research projects to identify and analyze the needs and concerns of different stakeholders,
particularly when these projects aim to influence policy.
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Thematic Network: A thematic network is a network of Universities, Institutions and Services
that operate within a cognitive area (e.g. Chemistry, Physics, Humanities, etc).
Toxicogenomics: Toxicogenomics combines toxicology, genetics, molecular biology, and
environmental health to elucidate the response of living organisms to stressful environments or
toxic agents. Likewise, new drug candidates can be screened through a combination of gene
expression profiling and toxicology to understand gene response and possibly predict safety.
Translational Research: Translational research is a way of thinking about and conducting
scientific research to make the results of research applicable to the population under study and is
practiced in the biological, behavioral, and social sciences. In the field of medicine, for
example, it is used to translate the findings in basic research more quickly and efficiently into
medical practice and, thus, meaningful health outcomes, whether those are physical, mental, or
social outcomes. In medicine in particular, governmental funders of research and
pharmaceutical companies have spent vast amounts internationally on basic research and have
seen that the return on investment is significantly less than anticipated. Translational research
has come to be seen as the key, missing component.
Translational Nanoinformatics: a new term coined by the consortium (VM), which refers to
establishing new links between basic scientific research at the nano level and future clinical
applications of nanomedicine.
Virtual Physiological Human: The Virtual Physiological Human is a methodological and
technological framework that, once established, will enable collaborative investigation of the
human body as a single complex system. The collective framework will make it possible to
share resources and observations formed by institutions and organizations creating disparate,
but integrated computer models of the mechanical, physical and biochemical functions of a
living human body.
Web 2.0: The term "Web 2.0" is commonly associated with web applications that facilitate
interactive information sharing, interoperability, user-centered design and collaboration on the
World Wide Web. Examples of Web 2.0 include web-based communities, hosted services, web
applications, social-networking sites, video-sharing sites, wikis, blogs, mashups and
folksonomies. A Web 2.0 site allows its users to interact with other users or to change website
content, in contrast to non-interactive websites where users are limited to the passive viewing of
information that is provided to them.
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ANNEX IV: Identification of Key areas in Nanomedicine
This section offers a very brief overview on different aspects related to Nanomedicine. We
describe a general vision of the different research lines that are included in this field and some
key concepts that belong to each of them. The purpose of this section is to identify the areas and
define a picture of the framework of Nanomedicine. Such applications will be fundamental for
Nanoinformatics.
Delivery
Nanoparticles can be used as carriers to deliver specific substances (e.g., gene, drug, etc.) to
target areas. There are different kinds of particles that can be used for this purpose and each of
them has its own special characteristics: dendrimers, liposomes, buckyballs, etc.
For example, a drug delivery nanoparticle is engineered to store drug molecules in its inner part.
The external surface of the nanoparticle can be modified with targeting ligands that bind to a
specific target. The nanoparticles can be designed to release the drugs in a controlled manner if
defined conditions are achieved.
Carriers are used to improve the efficacy of a drug. Being able to deliver the drug directly in the
target, it is possible to achieve therapeutically desired amounts of the drug at the target site and
to reduce the toxicity-induced side-effects of the free drug. On the other hand, if the carriers
exhibit toxicity, this may constitute a health issue for patients (De Jong and Borm, 2008). An
important design aspect of a drug delivery system is their biocompatibility and the way in which
drug carriers will be removed from the host organism.
Implantable Devices
The application of nanotechnology-based fabrication techniques allows the creation of tools,
chips or, in general, devices that have a very small size (in nanometer range). These
nanodevices can be used to offer an almost non-invasive continuous monitoring for particular
diseases. Nanodevices may be composed of different modules that work together in order to
detect a variation on standard human body parameters (being more precise than current
detection systems) and, when needed, release a specific treatment at a concrete target, reducing
in this way the toxicity of certain drugs. Due to their size, nanodevices could be implanted in the
human body (e.g. under the skin) so that a patient would have always the device checking
his/her health status.
Going further into future research, nanodevices may also include small components that can be
designed to carry out very simple tasks like. Such nanodevices are known as nanorobots.
Research in this area offers huge possibilities for the future in personalized medicine.
Diagnosis
Nanoparticles function at the molecular (and sometimes submolecular) length scale. This means
that nanoparticles engineered by researchers can interact directly with molecules in organisms.
This realization allows the use of nanoparticles as precise and effective tools to diagnose certain
pathological conditions and disease. In particular, nanoparticles can be engineered to detect a
particular molecule or modification in a normal molecule. When the specific engineered
nanoparticle detects its “target” molecule, it can bind to it and “highlight” it (for example, using
quantum dots).
The most relevant advantage of using nanoparticles in the area of diagnosis is the fact that these
nanoparticles allow early detection of a disease or pathological condition even at low levels of
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concentrations. To detect an illness in a very early stage could solve a large number of
secondary problems connected to a single disease state.
Therapy
This area of Nanomedicine aims to create therapies that are less invasive for the patient and that
require a lower drug dosage while obtaining a therapeutic efficacy better than or same as that of
the drug, and reducing toxicity-induced side effects of the drug. In particular, nanoparticle
formulations of existing or new drugs have the potential to increase the target specificity, reduce
the toxicity and improve the therapeutic efficacy of the drugs. This also implies the potential of
using nanoparticle-based formulations to save drugs that are known to have failed clinical trials
mostly due to reasons of poor target specificity and toxicity-induced side effects.
This area also includes developing therapies based on nanoparticles that have their own
therapeutic properties, such as antibacterial (Thomas et al, 2009) or antimicrobial effects
(Chamundeeswari et al, 2009).
Other therapies in this area are related to regenerative medicine, which consist of replacing or
repairing damaged areas or organs that cannot heal themselves directly.
Materials
One of the areas in which nanotechnology is more active is material engineering. The ability to
manipulate matter at the nanometer length scale, allows the creation of structures that can have
very interesting physical, chemical, and functional/biological properties.
From the point of view of Nanomedicine, research in materials science and engineering is quite
important from different perspectives. For instance, materials are important for the construction
of carriers for drug delivery systems, while considering the biocompatibility of materials as a
key issue for every task related with Nanomedicine. Thus, studies about biological interactions
between specific nanostructures (such as carbon nanotubes) and cell physiology are crucial for
the developing of new Nanomedicine techniques. New biocompatible materials can be also used
in implants for replacement therapies.
Imaging
Nanotechnology offers different possibilities for imaging. In this context, we refer to imaging as
the graphical representation of the current situation of a patient to monitor the diagnosis and
evolution of a disease or the efficacy of a specific treatment. Nanotechnology aims to make
imaging techniques less invasive and more precise. For example, nanoparticles —such as
quantum dots— offer a better and more precise way to generate signals that improve the quality
of images with respect to the normal contrast agents. Moreover, these particles can emit signals
for a longer time period compared to small molecule contrast agents.
The possibility of monitoring the evolution of diseases directly in living organisms would
improve the efficacy of treatments. It would also allow doctors to understand which is the best
approach to be used in a specific case, getting closer to the realization of personalized medicine.
As an example of what could be done here, better imaging agents are needed, but as far as
informatics goes, informatics methods are needed for topics like, for instance, to tie tissue banks
to images of the tissues and to histology results, annotating images from radiology, solving how
patient records containing large amounts of image data (especially since better resolution of
MRI (expected to be around 10 microns) will vastly increase image sizes and bring in much
more automatic segmentation and annotation —the need for phantoms to get quantitative
imaging, etc. Far greater storage capability, curation, cross-correlation, etc., will make possible
better research as well as translation.
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ANNEX V: Existing Capability and Pilots
There have been attempts at establishing different communities of interest in these project areas.
They are referenced in connection with ongoing or evolving projects rather than being listed
separately. We list some initiatives below.
Data
x

ASTM Interlaboratory Studies - Interlaboratory test, standards

x

ISO (ANSI TAG) - Standards

x

OECD - Interlaboratory Studies

x

IANH - COI, interlaboratory test

x

Characterization Matters - Community of interest, COI 64

x

NanoHealth and Safety Enterprise – Federation of US databases, COI

x

NanoInformatics Workshop – Community of interest, Federation of US databases

x

NIOSH/CDC – Nanoparticle Information Library 65

x

National Nanomanufacturing network (NNN) 66

x

NIST

x

Structures Database – Raul Cachau, ABCC, NCI & Univ Talca; link through
Collaboratory, wiki for standards, ontology, COI

x

ONAMI 67

x

ICON - COI, publications 68

x

Nanowerk 69 - Nanomaterial manufacturers database

x

Personalized medicine (COI) - in the process of making contacts with US entities

x

ACTION-Grid 70

Semantic Search-Ontologies
x

caNanoLAB - caBIG and caGrid

x

NPO

x

Japanese platform

x

Norway - Ontology development, Ontolution Nano

x

NHLBI/NIBIB nanomaterial registry (RFA)

x

Ontology mapping with Biomed GT

64

http://characterizationmatters.org/
http://www2a.cdc.gov/niosh-nil/
66
http://www.internano.org/
67
http://www.onami.us/
68
http://www.goodnanoguide.org/tiki-index.php?page=HomePage
69
http://www.nanowerk.com/phpscripts/n_dbsearch.php
70
http://www.vph-action-grid.eu
65
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x

COI includes caBIG, OBO, Ontolution Nano, NCI Alliance for Nanotechnology in
Cancer, NIST, FDA, EPA, CSN

Modeling and Simulation
x

NanoHUB (computer codes and resources)

x

CSN

x

EPA – National Center for Computational Toxicology 71 , not currently nano-related

x

COI – CSN, NanoHUB, EPA Center for Computational Toxicology, NIST, NIH, FDA,
NIEHS, NIBIB

Of course, ACTION-Grid can also be mentioned here. We present below table 6, with a
summary of initiatives with significance for Nanoinformatics.

71

http://www.epa.gov/ncct/
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Data exchange and

Data storage

Data collection

Purpose

ISO TC229

ICON EHS

OECD

NIL

NBI KB,

CSN

CaNanoLab

NCL

MICAD

MinChar

Acronym

Technical Committee229
- Nanotechnologies

Nano-EHS
Database Analysis Tool

cancer Nanotechnology
Laboratory
Collaboratory for
Structural Nanobiology
Nanomaterial-Biological
Interactions
Knowledgebase
Nanotechnology
Information Library
OECD Database on
Research into the Safety of
Manufactured
Nanomaterials

Assay Cascade Protocols

Minimum Information for
Nanomaterial
Characterization
(MINChar) Initiative
Molecular Imaging
Contrast Agent Database

Resource

http://characterizationmatters.org/

URL
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International organization for
standardization

http://www.iso.org/iso/iso_technical_committee?
commid=381983

http://cohesion.rice.edu/centersandinst/icon/repor
t.cfm

http://webnet.oecd.org/NanoMaterials

OECD

International Council on
Nanotechnology (ICON)

http://www.cdc.gov/niosh/topics/nanotech/NIL.ht
ml

NIOSH

http://oregonstate.edu/nbi/nbi/

http://csn.ncifcrf.gov/csn/index2.php

Nacional Cancer Institute,
University of Talca, Chile
Oregon State University

http://cananolab.abcc.ncifcrf.gov/caNanoLab/

National Cancer Institute

National Center for Biotechnology
http://micad.nih.gov/
Information (NCBI), at the NIH.
National Cancer Institute
Nanotechnology Characterization http://ncl.cancer.gov/working_assay-cascade.asp
Laboratory

research community initiative

Institution

Table 17 - A summary of various initiatives with potential interest for Nanoinformatics issues

simulation

Modeling and

portals

Collaborative

representation

Knowledge

standardization

Purpose

NanoHub

IEEE

NSTI

Analytical tools and
simulations

Information clearinghouse
for the nanomanufacturing
community
Continuing education
programs, scientific and
business publishing and
community outreach.
Theory, design, and
development of
nanotechnology and its
scientific, engineering, and
industrial applications

Nanotechnology Hazard
and Risk

SafeNano

Internano

Nanotech Index Ontology

NIO

Nanoparticle Ontology

ANSI Nanotechnology
Standards Panel

ANSI

NPO

NIST Nanotechnology
Portal

Resource

NIST

Acronym

URL
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NSF-funded Network for
Computational Nanotechnology.

IEEE Nanotechnology Council

Nano Science and Technology
Institute (NSTI)

National Nanomanufacturing
Network.

Institute of Occupational Medicine

http://nanohub.org/

http://ewh.ieee.org/tc/nanotech/

http://www.nsti.org/

http://www.internano.org/

http://www.safenano.org

National Institute of Standards and
http://www.nist.gov/public_affairs/nanotech.htm
Technology
American National Standards
Institute's Nanotechnology
http://www.ansi.org/
Standards Panel (ANSI-NSP)
National Center for Biomedical
http://bioportal.bioontology.org/ontologies/40655
Ontology
http://mandala.t.uNanomaterial Center, Japan
tokyo.ac.jp/english/nanoindex.html

Institution
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theory,

modeling,

and http://www.ncn.
purdue.edu

Cyber-resource
simulation.

US National Science
Foundation (NSF)

Network for
Computational
Nanotechnology (NCN)

nanotechnology

2001

Coordination of US federal nanotechnology research and http://www.nano
development, fostering the transfer of new technologies into .gov/
products for commercial and public benefit

US Federal Agencies
(NSF, NASA, NIH,
NIOSH, etc)

National
Nanotechnology
Initiative (NNI)
for

2001

Platform for addressing shared global challenges through nanoscale http://www.glob
science, engineering, technology development, and education.
alnanotechnolog
ynetwork.org

International initiative
with the participation of
diverse nanotechnology
stakeholders from
industry, academia, and
government.

Global Nanotechnology
Network (GNN)

2002

2000

On-line collaborative framework comprising community- http://nanohub.o
contributed resources and geared toward educational applications, rg/
professional networking, and interactive simulation tools for
nanotechnology

US National Science
Foundation (NSF)

2000

LAUNCH
YEAR

NanoHub

http://www.nbtc
.cornell.edu/

LINK

Establishment of four different research programs focused on
Nanobiotechnology: Biomolecular Devices & Analysis, Cellular
Microdynamics, Cell-Surface Interactions, Nanoscale Cell Biology.

OBJECTIVES/MISSION

US National Science
Foundation (NSF)

ORGANIZATION

NanoBioTechnology
Center (NBTC)

INITIATIVE

Table 18 - A summary of significant international initiatives in the area of nanomedicine

Initiative to address unsolved problems in medicine using
nanotechnology-based approaches and developing novel nanoresources and tools to battle against cancer, heart diseases or
diabetes.

Texas Medical Center
(Houston, USA)

Alliance for NanoHealth
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www.safenano.o
rg/

Resource on Nanotechnology and Hazard Risk

Institute of Occupational
Medicine (UK)

SAFENANO

http://www.nano
healthalliance.or
g/

2004

http://www.ansi.
org/standards_a
ctivities/standar
ds_boards_panel
s/nsp/

To facilitate the development of standards in the area of
nanotechnology
including,
but
not
limited
to,
nomenclature/terminology; materials properties; and testing,
measurement and characterization procedures

American National
Standards Institute
(ANSI)

Nanotechnology
Standards Panel (NSP)

2005

2004

2004

Research on nanotechnology to address risk assessment and risk http://epa.gov/na
management needs to protect public health and the environment noscience/
from potential harmful effects that may result from production, use
or disposal of nanomaterials.

International Council
on Nanotechnology
(ICON)

2004

LAUNCH
YEAR

US Environmental
Protection Agency
(EPA)

LINK

Nanotechnology
Research Program

OBJECTIVES/MISSION
To develop and communicate information regarding potential http://icon.rice.e
environmental and health risks of nanotechnology, thereby fostering du/
risk reduction while maximizing societal benefit.

ORGANIZATION

Representatives from
large and small
corporations,
government agencies,
academic institutions
and non-governmental
groups from around the
world. Partially funded
by the US National
Science Foundation

INITIATIVE

Nanotechnologies
Industries Association
(NIA)

Nanomedicine
Roadmap Initiative

International
Organization for
Standardization
Technical Committee on
Nanotechnologies
(ISO/TC 229)

Atlas of Nanotechnology

INITIATIVE

Group of companies
from a variety of
industry sectors,
including healthcare,
chemicals, automotive,
materials processing,
and consumer products
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2005

2005

Creation of a single 'voice' on behalf of the industries’ views, to http://www.nano
interface with governments, to be a source for consultation on techia.org/
regulation and standards, to engage with the public, to communicate
the benefits of nanotechnologies, to interact with the media, and to
inform the debate on nanotechnology.

http://www.ansi.
org/standards_a
ctivities/standar
ds_boards_panel
s/tc229.aspx

Development of standards in the field of nanotechnology for:
terminology and nomenclature; metrology and instrumentation,
including specifications for reference materials; test methodologies;
modelling and simulations; and science-based health, safety, and
environmental practices.

2005

LAUNCH
YEAR

2005

http://nanosense.
org/documents/n
anoed05/AtlasO
fNanotechnolog
y.pdf

LINK

Nanoscience topic maps interconnected through an ontology

OBJECTIVES/MISSION

US National Institutes of To characterize quantitatively the molecular scale components or http://nihroadma
Health (NIH)
nanomachinery of the cell and to control and manipulate these p.nih.gov/nano
molecules and supramolecular assemblies in living cells to improve medicine/
human health.

American National
Standards Institute
(ANSI)

Foothill DeAnza
Colleges
(FHDA) in conjunction
with NASA / SRI

ORGANIZATION

Nanosciences African
Network initiative
(NANOAFNET)

Nanoparticle Ontology
(NPO)

Nanoparticle
Information Library
(NIL)

European Technology
Platform (ETP) on
Nanomedicine

INITIATIVE

161

Exploit nanosciences to accomplish cost-effective and easy
implementation of nanotechnologies compatible with the African
landscape needs and to enhance the international visibility and
capacity of the African scientific contributions through maintenance
of world class research in nanosciences and relatedtechnologies

http://www.wcp
sd.org/posters/e
nvironment/Maa
za.pdf

2006

2006

US National Institutes of To represent knowledge underlying the preparation, chemical http://www.nano
Health (NIH)
composition, and characterization of nanomaterials involved in -ontology.org/
cancer research.

Financially supported by
the Abdus Salam, ICTP,
TWAS, ICSU-ROSSA,
IUPAP, US-NSF and
NRF-South Africa as
well as the Department
of Science &
Technology of South
Africa.

2006

2006

LAUNCH
YEAR

http://www.cdc.
gov/niosh/topics
/nanotech/NIL.h
tml

To help occupational health professionals, industrial users, worker
groups, and researchers organize and share information on
nanomaterials, including their health and safety-associated
properties

US National Institute
for Occupational Safety
and Health (NIOSH)

LINK

To address the application of nanotechnology to achieve http://www.etpbreakthroughs in healthcare, coordinating joint research efforts and nanomedicine.e
improving communication towards the European Commission and u
the European Member States.

OBJECTIVES/MISSION

European Commission
& European industry

ORGANIZATION

162

US National Institutes of To determine the physical properties of cellular and sub-cellular
Health
components following engineering-based approaches to better
understand how biological machines are constructed and how they
can be controlled and manipulated.

National Network of
Nanomedicine
Development Centers

2006

2006

Integrated, multi-disciplinary institution involving researchers in http://www.nrcphysics, chemistry, engineering, biology, informatics, pharmacy cnrc.gc.ca/eng/i
and medicine
bp/nint.html

National Research
Council of Canada and
the University of
Alberta

Canada´s National
Institute for
Nanotechnology (NINT)

http://nihroadma
p.nih.gov/nano
medicine/funded
research.asp

2006

http://cordis.eur
opa.eu/fp7/dc/in
dex.cfm?fuseact
ion=UserSite.FP
7CallsPage&call
state=closed#Na
nosciences,%20
Nanotechnologi
es,%20Materials
%20and%20ne
w%20Productio
n%20Technolog
ies

EC programme which funds research, development, demonstration,
and coordination projects that will contribute, either on their own or
by enabling further development, to the transformation of European
industry from a resource-intensive to a knowledge-intensive
industry.

LAUNCH
YEAR

European Commission
(under FP7)

Nanosciences,
Nanotechnologies,
Materials and new
Production
Technologies
Programme (NMP)

LINK

OBJECTIVES/MISSION

ORGANIZATION

INITIATIVE

ACTION-Grid (within
the Virtual
Physiological Human
initiative)

Workshop on
Nanoinformatics
Strategies (Virginia)

Saarland Enpowering
Nano Initiative

Nanotechnology Portal

INITIATIVE

Specific International Cooperation Project on healthcare http://www.vphinformation systems based on Grid capabilities and Biomedical action-grid.eu/
Informatics (BMI) and nanoinformatics between Latin America, the
Western Balkans and the European Union (EU)

European Commission
(under FP7)

163

Identification of Nanoinformatics needs, challenges and priorities

US National
Manufacturing Network
– National Science
Foundation

http://128.119.5
6.118/~nnn01/
Workshop.html

http://en.empow
er-nano.com

Support to nanotechnology companies in Germany

Saarland nano
companies, the Leibniz
Institute for New
Materials and gwSaar

LINK

Development of measurements, standards, and data crucial to a http://www.nist.
wide range of industries and federal agencies, from the gov/nanotechnol
development of advanced spectroscopic methods needed to increase ogy-portal.cfm
efficiency in advanced photovoltaics, to the development of the
standard reference materials and data necessary to accurately
quantify and measure the presence and impact of nanomaterials in
the environment.

OBJECTIVES/MISSION

US National Institute of
Standards and
Technology (NIST)

ORGANIZATION

2008

2007

2007

2007

LAUNCH
YEAR

Establishment of a permanent European Observatory on http://www.obse
Nanotechnologies, to provide ongoing, independent support to rvatoryEuropean decision-makers
nano.eu/project/

European Commission
(under FP7)

ObservatoryNANO

164

Access to published nanoscience and nanotechnology research and http://www.icpc
opportunities for collaboration between organisations and scientists -nanonet.org/
in the EU and International Cooperation Partner Countries (ICPC).

European Commission
(under FP7)

ICPCNanoNet

European Foundation
for Clinical
Nanomedicine
(CLINAM)

Cancer Nanotechnology
Laboratory Portal
(caNanoLab)

Prevention, diagnosis, and therapy through nanomedicine as well as http://www.clina
at exploration of its implications, the Foundation reaches its goals m.org/
through support of clinically focused research and of interaction and
information flow between clinicians, researchers, the public, and
other stakeholders

LINK

Non-profit institution
formed by researchers
from EU and USA

OBJECTIVES/MISSION
Portal to facilitate data sharing in the research community to http://cananolab.
expedite and validate the use of nanoparticles in biomedicine.
abcc.ncifcrf.gov
/caNanoLab/

ORGANIZATION

US NCI Center for
Biomedical Informatics
and Information
Technology (NCI
CBIIT) in collaboration
with the NCI
Nanotechnology
Characterization
Laboratory (NCL).

INITIATIVE

2008

2008

2008

2008

LAUNCH
YEAR

European initiative for
sustainable
development by
Nanotechnologies
(NANOfutures)

Nanotechnology
Informatics White
Paper

Ibero-American
Network of Convergent
Technologies in Health
Applications (IberoNBIC)

INITIATIVE

2010

165

Collaborative environment establishing cooperation and
representation of all relevant Technology Platforms that require
nanotechnologies and bringing together industry, research,
networks at all levels for a joint movement towards a new european
industry.

http://www.nano
futures.eu/

European Technology
Platforms (ETPs)

2009

Nanoinformatics vision, addressing the needs of the cancer https://gforge.nc
nanotechnology community
i.nih.gov/docma
n/view.php/511/
16511/NanoWhi
tePaper1_508.do
cm

2009

LAUNCH
YEAR

National
Characterization
Laboratory, US National
Cancer Institute

LINK

Research on the social impact of converging technologies, Nano- http://www.iber
Bio-Info-Cogno (NBIC) in Ibero-America
o-nbic.udc.es/

OBJECTIVES/MISSION

CYTED (LatinAmerican Science &
Technology
Development
Programme) (Latin
America, Spain and
Portugal)

ORGANIZATION

FP7-ICT-224176

Del. 4.3 – Final Draft of the White Paper
WP4: White Paper
Dissemination Level: RP
Version: v1.44

ANNEX VI: Key issues and priorities
Creating new infrastructures
Grid technology has been successfully deployed and used in biomedical informatics along the
recent years. The experience accumulated in the development of tools for biomedical
informatics is a very important asset for the development of the computational approaches that
are required for the new challenges posed by nanomedicine and regenerative medicine.
The use of Grid technology in biomedical informatics has been mostly focused on the
distributed storage of data therefore incrementing the storage capacity as well as, in some cases,
simplifying data access and retrieval. Data coming from new technologies such as the next
generation of DNA sequencers represent an example of this need for massive data storage. In
the past, advances in research on personalized medicine have been facilitated by the access to
genomic and clinical data. Nowadays, advances in nanotechnology are producing new data at a
considerable pace. Again, straightforward access to these data should be granted in an
affordable manner. For this reason, it will be necessary to use the experience acquired in the
past by Grid technologies in managing huge amounts of data and to adapt those systems to deal
with data coming from new nanotechnology based systems that are being applied in
nanomedicine and regenerative medicine.
This massive amount of data generated requires also the capability of efficient analysis. Grid
technology facilitates the management and distributed analysis of data, thus increasing the
capability of current systems. The use of grid applications already developed for biomedical
informatics problems could be a key aspect for the sound exploitation of these data.
Modelling and simulation represents a different field of application where grid technology may
also play a key role for the advance of nanomedicine and regenerative medicine. The design and
the analysis of the properties of new nanoparticles could benefit from the experience
accumulated in the use of Grid technologies for molecular dynamics and simulation (i.e.:
proteins).
Some related initiatives have started such as the adaptation of caGRID (Oster et al., 2008) in the
context of the caBIG (Kakazu et al., 2004) project of the National Cancer Institute (NCI) in
USA. In this case, the Grid infrastructure developed by the caBIG (Stokes et al., 2009) project
has been adapted to be able to process new data coming from nanotechnology and
nanomedicine.
Finally, the Web 2.0 is an important source of information as well as a very important means for
information dissemination. Advances in regenerative and nanomedicine will likely benefit from
these platforms to better reach the scientific community and society at large. These systems will
also be useful to disseminate new information about the subspecialty of nanoinformatics.
Adaptation of bio-repositories to nanomedicine
In biomedical informatics there is a long experience in the generation of public data repositories
where biological or other related data are stored and offered to the scientific community for
research studies.
Repositories where descriptions and information related with the biological activity of small
molecules and chemicals are available nowadays. Some examples of these repositories are:

3. Pubchem 72 developed by the National Center for Biotechnology Information (NCBI) in
the USA as part of the National Institutes of Health Molecular libraries initiative
roadmap (Wang et al., 2009). Pubchem is structured as three linked different databases
and it is accessible via NCBI’s Entrez Interface. In these databases it is possible to
retrieve information related with chemical properties and biological activity of the
compounds stored in the database. It also contains information about the biological
assays where these compounds have been tested and their biological activity.

4. ChEBI 73 (Chemical Entities of Biological Interest) is a freely available dictionary
focused on small chemical compounds and developed by the European Bioinformatics
Institute (Degtyarenko et al., 2009). This resource contains chemical data related with
molecules of biological interest. The database is organized around an ontological
classification with the relationships between the classes and members of the database.
The existence of this type of resources and its integration with other biomedical resources such
as the integration of Pubchem into Entrez at the NCBI, offers a very valuable example of the
integration of different types of information, in this case, physical and chemical descriptions and
biological information under a fully integrated tool.
In the disciplines of nanomedicine and regenerative medicine there is still a lack of integrated
repositories and sources of information. Therefore it could be possible to identify, assess and
apply the lessons learnt by biomedical informatics in the development of these resources to the
development of integrated resources containing data and information from Nanomedicine and
regenerative medicine.
A paradigmatic case of this kind of applications consists of the development of nanoparticles for
medical use. There is a clear need for new databases associated with the characterization of
these particles. Furthermore, this data will have to be associated to biological information that is
already available and this integration might be facilitated by the reuse of existing methodologies
coming from biomedical informatics. The use of biological growth factors or their synthetically
engineered analogous to control cell development processes in regenerative medicine constitutes
another example of the need of these resources.
Other examples of areas where there exist successful experiences coming from biomedical
informatics that could be adapted to manage this new information sources would be those
related with the management of personalized medicine. Personalized medicine will go a step
beyond with the development of new tools engineered in nanomedicine and regenerative
medicine, providing new opportunities to carry out medical interventions within the cells,
beyond the use of individual information for deciding therapy which characterises genomic
medicine.
Biobanking is becoming a common approach to ensure the access, preservation and
characterization of different biological samples for different purposes. Regenerative medicine
needs proper banking of stem cell lines and other biological entities and therefore informatics
experiences from biobanks could have an important impact in regenerative medicine.
An important issue related with information processing and management in biobanking is the
attempt to associate the biological characterization of the samples, with a good clinical
annotation. Another key aspect for biomedical informatics would be to ensure efficient and
secure data exchange methods (Mohanty et al., 2008).

72
73

http://pubchem.ncbi.nlm.nih.gov/
www.ebi.ac.uk/chebi

167

Similarly, an important issue is Information processing in clinical trials including effects of
nanoparticles. Along the last years the inclusion of genomic data from subjects enrolled in
clinical trials has been a challenge for biomedical informatics and the situation is likely to be
repeated in the new scenario with nano and regenerative medicine. New data types and data
sources should be included and for this reason it will be necessary to adapt current tools to face
this new situation.
It is important to remark that some of the research lines proposed in this document are not
completely independent. Therefore to achieve them it might be necessary to previous or
simultaneous develop some others. In the case of information processing in clinical trials
involving nanoparticles, it might be a prerequisite to have already available data repositories and
standards for data exchange and characterization in order to include this structured information
into these studies in a straightforward way.
Definition of a minimum information standard for nanoparticle characterization and
experiments and publications
The advent of nanomedicine and regenerative medicine with their new techniques and
associated technologies requires the development of new standards for the description of the
elements and procedures associated with their applications.
In recent years a similar scenario took place with the development of microarrays and next
generation sequencing. In both cases the development of standards for the characterization of
and description of the experiments yielded MIAME (Minimum Information About a Microarray
Experiment) (Brazma et al., 2001) or MINSEQE (Minimum INformation about a high
throughput SEQuencing Experiment) (Brazma, 2009; Field et al., 2009), as well as the
development of data exchange standards such as MAGEML (Spellman et al., 2002). These
standards played a key role for the extension, interpretation and acceptation of these techniques.
In nanoinformatics it is already being developed an analogous initiative MINCHAR (Minimum
Information on Nanoparticle Characterization, 2010). The MINCHAR Initiative is focused on
defining an appropriate characterization of the nanomaterials and is still under development and
discussion. The extension of MINCHAR standard altogether with the development of XML
based standards for the exchange of this information should play the same role that the
development of previous standards played in genomics along the last decade.
As presented, in the extended version of the ACTION-Grid White Paper, the consortium has
presented a proposal for making open results from biomedical research projects easy to find and
access 74 . Wald has addressed scientific openness in a recent Science article (Wald, 2010),
including data and methods used for research. Advances in software tools for bioinformatics
search helps (Dinov et al, 2008), but, just becoming aware of open results of research projects
funded by public agencies—e.g., databases, software, papers, e-books— and finding them
efficiently still proves harder than it should.
In the course of producing an advanced, automatically generated on-line inventory of
bioinformatics resources (de la Calle, 2009), we analyzed results from research projects
publicly-funded by the European Commission, Spanish agencies and the NIH. We discovered
that finding the complete set of available information reported to have been generated by the
projects could prove quite elusive. Non-peer-reviewed summary reports were commonplace, but
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specifics of electronic resources with Web locations were frequently not, even when researchers
mentioned their existence as being openly available (Maojo et al., 2010).
To enable searches with sophisticated text mining, publicly-funded projects should provide a
minimum information set including titles, authors, funding agency, annotations with concepts
from ontologies or controlled vocabularies that characterize the functionalities of the resources,
papers reporting significant findings using these resources —peer-reviewed quality indicators—
and their Uniform Resource Identifiers (URIs).
Earlier suggestions for structuring abstracts of papers (Gerstein et al, 2007) resulted in an
experiment with disappointingly limited success (Lok, 2010). However, to provide basic
information resources from projects already on the web ought to be more straightforward.
Requiring a minimum information set like the one we propose to be available online under
clearly specified standards might help bring about more comprehensive open access which
would promote wider reuse of resources and avoid duplication in scientific projects, worldwide.
Agencies are increasingly requiring that papers reporting research funded by them become
publicly available. Our proposal is that they require that other products of research —like open
electronic resources that back-up a paper’s results— should be made equally easily accessible.
Similarly, the use of text mining techniques can avoid duplication and plagiarism in proposals,
as we have proposed previously in a communication to the Nature journal (Maojo et al, 2008).
Creating ontologies to include nanomedicine and regenerative medicine concepts
Currently there are many ontologies available in biomedical informatics (more than 160 at the
NIH National Center for Biomedical Ontology). Advances in nanomedicine and regenerative
medicine together with the expansion of their application and their future inclusion in medical
practice will pose a challenge for biomedical informatics. Under this scenario the ontologies
currently available in biomedical informatics will have to be expanded to include the new terms
and concepts associated with nano and regenerative medicine.
Biomedical informatics has long experience in developing ontologies for different fields and
applications and it will have to develop new ontologies for nanomedicine and regenerative
medicine based on the new terms to facilitate knowledge representation and semantic
interoperability. The NPO, previously mentioned, is an excellent pioneering example.
Analysis of nanotechnology-based biomedical images, adaptation of DICOM to nanoimaging
A very hot topic in nanomedicine and regenerative medicine is the development of new image
based techniques. These new images generated through the use of nanoparticles and
nanotechnology might be applied in regenerative medicine processes and therapies, therefore
biomedical informatics should be ready to provide tools which will be able to handle these new
sources of images. The use of quantum dots, for instance, promises to create new approaches for
medical imaging.
Biomedical informatics has already developed tools that could be adapted for this purpose and
therefore will become useful to deal with these new types of images. An important aspect would
be to adapt the DICOM (Digital Imaging and Communications in Medicine) standard to be
capable of processing them.
Image annotation and description is another interesting aspect associated with these new
requirements for image analysis. There are already some experiences related with the annotation
of DICOM standard (Channin et al., 2010). It will be necessary to work on the development of
standards for the annotation of images that may reflect the use of nanoparticles and other
peculiarities associated with nano and regenerative medicine
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It will be also very important to develop software to analyse these new images generated in the
field of nanomedicine and regenerative medicine. In some cases it will be necessary to adapt
existing image analysis techniques for these new types of images.
New models of EHR to deal with complex heterogeneous biological systems (mosaic genomes,
interactions between nanoparticles)
Regenerative medicine and nanomedicine and their application in clinics introduce new
requirements for the definition of the information stored or linked in the EHR. The use of stem
cells in transplants in regenerative medicine will bring the need of dealing with new complex
mosaic genomes (partially coming from the donor and the rest from the receptor), therefore the
EHR must adapt to this new circumstance.
The use of new materials in regenerative and nanomedicine will raise the issue of dealing with
this information connected to the patient EHR. Possible risky or dangerous interactions among
these new materials with current diagnostics techniques (i.e.: a contrast agent), therapies or with
themselves should be identified in order to develop alerting systems with the aim of warning
clinicians about these potential risks.
As it has been previously stated in other sections of this white paper the annotation and
description of the biological context of nanoparticles and other elements related with
nanomedicine and regenerative medicine is a key aspect for the advance of the application of
these new technologies in medicine.
Biomedical informatics has accumulated a large experience in the last years in the integration
and combination of different sources of information for the annotation of different biological
molecules and processes. Nowadays with the development of new technologies for nano and
regenerative medicine, the challenge consists in the annotation of all the new elements into the
traditional models. Biomedical informatics tools developed for the automatic annotation of
complex processes and complex information sources, such as the automatic annotation of
genomes or proteins, would be the basis for the development of new tools focused on the
annotation of the newly designed nanoparticles, materials or molecules developed for
nanomedicine and regenerative medicine.
An example of the interest that the translation of this kind of models has would be the
adaptation of systems for pathway and gene regulation annotation. In this case, some work has
been previously done for the analysis of the effects of different nanoparticles in gene
expression. These experiments allowed researchers to identify the pathways affected by the use
of different nanoparticles. This is very valuable information that biomedical informatics tools
have been able to collect and manage in the past and that after undergoing some changes could
be adapted to deal with new information sources.
As it happened in the past with the introduction of new technologies and new data sources into
clinics, biomedical informatics will have to adapt and adopt these new data and information
sources for the development and update of decision making support systems and clinical
guidelines.
Nanomedicine and regenerative medicine represent a new testbed for the development and use
of new decision support systems and clinical guidelines. Both disciplines are bringing new data
types and a great amount of information that should be available in a comprehensive and
comprehensible way for the clinicians, the development of these systems will be necessary to
help clinicians’ make informed decisions.
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Regarding implantable Technology & Measurements and their implications for the future
Electronic Health Record, the insertion and management of artificial devices implanted within
the human body will become increasingly common for maintaining and improving health.
Implantable Nanobiotechnology-based eCare involves the creation of nanotechnology health
care devices that will be constructed, inserted, and applied within the human body. The
anticipation is that in the next 20 to 30 years, nano-sized implantable solutions will be
developed that can search out and destroy cancer cells that would otherwise cause a tumor to
develop in the body. The following are a few selected examples of implantable technologies
already being used in the health care arena:
x

Implantable Patient ID/Information Microchips - already in 2004 VeryChip75 received
preliminary approval from the U.S. FDA to market its RFID microchip device; the tiny
electronic capsule transmits a unique code to a scanner that allows doctors to confirm a
patient's identity and obtain detailed medical record information from an associated
secure database.

x

Implantable Sensors and/or Active Monitoring Devices - Silicon chips and
microelectromechanical systems (MEMS) that can be implanted in the human body may
ultimately allow semiconductor devices to be interfaced with living tissues; already
from 2006 Zyvex Corporation has selected Diabetech LP as its medical device
development and commercialization partner for their wireless (RFID) microchip sensor
implant targeting real-time blood glucose levels in the body 76

x

Implantable Cardioverter-Defibrillators & Pacemakers - the Medtronic CareLink
Monitor is a small, easy-to-use device which allows patients to collect information
simply by holding a small "antenna" over their implanted cardiac device. The monitor
automatically downloads the data and sends it through a standard home telephone
connection directly to the secure Medtronic CareLink Network 77

x

Implantable Drug Administration & Pain Control Devices - to deliver small amounts of
drugs on a daily basis such that the patient no longer needs to get an injection every day
or week; the vision is that nanoparticles will carry therapeutic payloads or genetic
content into diseased cells, minimizing side effects as the nanoparticles will only
become active upon reaching their ultimate destination (e.g., targeted chemotherapy);
‘smart’ implantable insulin pumps (Hahn and Whitbeck, 2007) are designed to provide
relief for people with Type I diabetes St. Peter's Hospital in Albany, N.Y., has
replaced every one of its about 540 intravenous pumps with smart pumps; the “B-Braun
Outlook Safety Infusion Pump” is designed to reduce the risks of human error
associated with medication dosing; the new technology also includes wireless
transmitters that send information from every pump to a central database in real time,
for quality assurance

While NBT (NanoBioTechnology) has begun to play a significant role in medicine, making
computing and communications systems microscopic in size and more conducive to on-body
usage, the solutions offered are still in the early stages of development and deployment.
Integration of Nanomedicine and implantable technology solutions with EHR systems is just
now starting to emerge. The projection is that in the next decade implantable medical sensors
feeding data to EHR systems will be more widely utilized. Advanced drug delivery systems are
expected to become commercially available, including implantable Nanomedicine devices that
automatically sense drug levels and administer medication. Implantable medical diagnostic
tools, such as cancer tagging mechanisms, and "lab-on-a-chip" real time diagnostics for
75

http://www.verichipcorp.com/
http://www.healthcordia.com; http://www.digitalangel.com/press_details.aspx?F=20070924.htm
77
http://www.medtronic.com/physician/carelink/fact_sheet.html
76
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physicians will become available that will be interfaced to EHR systems. Implantable
nanoimaging devices will be used to record clinical images that will then be stored in a patient's
personal electronic health record. In the coming decade nano- and implantable devices will be
more interactive in nature, having the capability to securely transmit information to EHR
systems so clinicians can view it and issue directions to the implantable device.
Modeling and simulation of “in vivo” effects of nanoparticles towards systems biomedicine
and stem cell development, complementing the VPH approach
Development of new tools in biomedical informatics to model and simulate the behaviour of
nanoparticles “in vivo”. These tools should complement the developments done within the VPH
program.
Once administrated, nanoparticles may have several possible targets or clearing properties,
therefore biomedical informatics should contribute to the development of tools that could
model, simulate and predict which will be the behaviour and effects of these new nanoparticles
“in vivo”, moving a step beyond from data analysed and generated in “in vitro” analyses.
There have been proposals for the definition of a periodic nano-system, analogue to the periodic
table of chemical elements. This model poses huge challenges in terms of information
processing and representation. Its final goal would be to be able to predict the behaviour of a
complex nanomaterial “in vivo” on the basis of its periodic physical-chemical properties.
Regulatory aspects (standards, legislation on nanomedicine and regenerative medicine,
including ecological and economical sustainability)
Biomedical informatics will have to take into account ethical, regulatory and social issues
related with nanomedicine and regenerative medicine. New standards should be developed and
approved for data storage and exchange. Legislative initiatives and regulations related with
information management in nano and regenerative medicine will require special attention from
experts in bioethics and law.
Information technologies will help in the analysis of the economical and ecological impacts and
sustainability related with the extension and application of nanomedicine and regenerative
medicine.
Incorporation of nanoinformatics in the biomedical informatics curricula
With the development and extension of the use of nanomedicine and regenerative medicine,
biomedical informatics tools designed to deal with these fields will become routinely used and
new research challenges for dealing with these information sources will emerge. Therefore
nanoinformatics should be included in the biomedical informatics curricula, as it has been
pointed out in the recent educational recommendations published by IMIA (reference).
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ANNEX VII: Applicability of BMI techniques and methods in
Nanomedicine (reuse of BMI systems)
At different points of this White Paper it has been shown that recent advances in Nanomedicine
and regenerative medicine are promoting the need of tools for data storage, management,
analysis and visualization.
BMI, considered in its modern context as the synergy between the previously independent fields
of MI and BI, has been working focused on the application of information technologies in
health during the last decades. During these years BMI has achieved successfully several of its
aims and has accumulated a precious background of experiences that might be of use for the
development of the more recent areas of Nanoinformatics and regenerative medicine.
We present in this Annex the results from the comparison of current methodologies of BMI into
Nanomedicine and regenerative medicine. This analysis is focused in the identification of those
areas where BMI may provide of tools, resources and methodologies that could be adapted for
their use in Nanomedicine and regenerative medicine environments.
The methodology followed for this analysis was based in the comparison of different
frameworks where, for BMI, IT applications in genetics, genomics and chemo/pharma
Informatics are covered and another one for informatics associated with Nanomedicine and
regenerative medicine (see tables 8 to 11). These frameworks structured the information
available in both environments in two axes, one associated with the kind of information
associated with the resources and the other axis associated with the information processing task.
Table 19 - Framework with some examples of possible applications of BMI in genetics

Resources Informatics
Task 

Genetics
Literature

ADN
Sequences

Exchange / Standardization
Medline

Access/search

PubMed

GenBank

PDB

BLAST / FASTA

Integration

Modeling / Simulation /
Prediction

Protein
Sequences/Structur
es

sequence formats

storage

Analysis

ARN
Sequences

Entrez
Text mining /
iHop

Phylogeny
Gene
Prediction /
GeneScan

Visualization

Phylogeny /
Folding

Structure
Swiss-MODEL /
Modeler
VRML, 3D, jmol
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Table 20 - Framework with some examples of possible applications of BMI in genomics
Resources
Informatics
Task 

Genomics
Functional
Genomes Individual
Genomics /
Literature
&
genomics /
Proteomics
Transcriptomic
organisms
SNPs
s

Exchange /
Standardization

MIAME /
MAGEML

Storage

Medline

GOLD

Access/search

PubMed

PEDANT

dbSNP

Modeling /
Simulation /
Prediction

SBML

Swiss 2D- HMDB /
PAGE
Reactome

Gene
Expression
Atlas

Integration

Analysis

ArrayExpress

HUPO-PSI

Systems
Biology

KEGG /
Cytoscape

Entrez
VISTA /
Gene
Protein
Gene
Text mining Genome Linkage
Expression Expression Regulation /
/ iHop Alignmen Association
Profiling
Profiling Pathways
t
SNP
Simulation/prediction and
Prediction modelling is part of Systems BioSPICE
/SEAN
biology

Visualization

ENSEMB SNPVista / MINOMICS/
KEGG /
SPLATVis
L
Haploview
Treeview
Cytoscape

Table 21 - Framework with some examples of possible applications of BMI in
Chemo/Pharma Informatics
Resources Informatics Task


Chemoinformatics/Pharmainformatics
Literature

Exchange / Standardization
Storage

Medline

Access/search

PubMed

Biological
Physico/Chemica
Toxicological /
Interactionspro
l Properties
Risk
perties
CML / PDB /
SMILES
PubChem /
PubChem /
PubChem /
ChemIDplus /
ChemIDplus
ChemIDplus
T3DB
SMARTS/
STIGMATA/
KEGG
MOLPRINT 2D

Integration
Analysis

Entrez
Text mining

RECON
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QSAR /
Chemical
Structure
Processing /
ABINIT

Modeling / Simulation /
Prediction

Visualization

QSAR /
Virtual
Screening /
Docking

ADME
Prediction
tools /
Molecular
Objects and
Relevant
Templates
(MORT)

jmol

Table 22 - Framework with some examples of current applications of informatics in
Nanomedicine and regenerative medicine
Resources Informatics Task


Nanomedicine and Regenerative medicine

Literature
Exchange / Standardization

Biological
Physico/Chemic
Toxicological /
Interactionspro
al Properties
Risk
perties
MINCHAR

storage

Medline

caNanoBD

Access/search

PubMed

CaNanoLab

Integration

Entrez

Analysis

OMEN

Modeling / Simulation /
Prediction

QSAR /
NEMO-3D
/ABINIT

Visualization

Crystal viewer

NIL/SafeNano

QSAR

The analysis of the information contained in these frameworks allows identifying and
addressing in these bi-dimensional spaces the availability of resources in BMI that overlap with
those already available for Nanomedicine and regenerative medicine (Figures 17-20).
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Figure 32- Overlapping of the different frameworks for the application of IT technologies in
the different areas allows the identification of common areas between medical BI and the
new developments done in IT applications for Nanomedicine and regenerative medicine
A detailed view of the different overlaps identified among the frameworks enables the
identification of those regions where BMI tools may be reused or customized for their use in the
new disciplines.

Figure 33 - Mapping and overlapping of BMI tools used in genetics with those used in
Nanomedicine and regenerative medicine
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Figure 34 - Mapping and overlapping of BMI tools used in “-omics” approaches with those
used in Nanomedicine and regenerative medicine

Figure 35 - Mapping and overlapping of BMI tools used in chemo /pharmainformatics with
those used in Nanomedicine and regenerative medicine
In these analysis done by the overlapping of existing resources tools and methods allows us to
identify two different categories of “reusable” resources from BMI.
The first case is based in those tools, methods and resources that are shared between BMI and
IT applied in nano and regenerative medicine. In these cases there is either no need to adapt the
methods or tools or a small adaptation might be required for a better coverage of the topics
covered in these areas.
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These resources are mostly bibliography related resources such as Medline, PubMed or Entrez.
There are some other examples of systems that are used in all this areas such as some of the
formats used for modelling (PDB format is used for protein structure and for nanoparticle
structure) or some other tools for molecule visualization. In addition it’s possible to identify
some other tools and techniques such as QSAR that are used in both fields.
The second kind of resources, tools and methods identified are those related with BMI that
although when they are not exactly used in nano and regenerative medicine or it is possible to
identify some “specific counterparts” (as it is the case of caNanoDB in the Nanomedicine world
and PubChem / ChEBI as possible counterpart in the BMI field) they could be extended into the
new fields because they cover related topics.
These kinds of resources may be good examples of reusability of BMI into nano/regenerative
medicine. The resources identified are in several cases resources for data integration, with the
inclusion of nano/regenerative medicine data as a natural step forward in their design. An
example of such evolution would be an extension of systems like KEGG where it would be
possible to include information related with nanoparticles. Another example would be
PubChem, since it would be possible to extend the model and functionalities of this resource to
include data coming from nanoparticles or other small molecules used in regenerative medicine.
Using the data gathered from the survey, literature mining and in the “Resourceome”, as it was
previously described in the introduction of this White Paper, it was possible to identify existing
gaps in the Grid/Nano/Bio/Medical Informatics areas. The analysis of these gaps allowed us to
identify a major topic or theme of interest focused in the application of techniques and
methodologies that were originally developed by BMI in the fields of Nanomedicine and
regenerative medicine. This area of interest reflects that the experiences and advances in BMI
along its existence may play an important role at the time of integrating different data sources
and levels. A key aspect at this point is the experience accumulated in the last decade for the
integration of genomic and medical information. From these integration experiences and the
lessons learnt it is possible to consider how the development of systems with successful
integration of data at different levels was accomplished and to extend those experiences with
nano/regenerative medicine data. A different approach that it was possible to identify from the
analyses performed was that one that led to an alternative path, based on the identification of
successful tools, methodologies or repositories from BMI that might be used as models for the
development of their equivalent counterpart in the nano/regenerative context.
The list of specific research lines generated from this analysis, already described in the
introduction of section 5, was the following one:
x

Extension of Grid to new nano data and tools.

x

Adaptation of bio-repositories to Nanomedicine (Pubchem…).

x

Definition of a Minimum Information standard for nanoparticle characterization and
experiments.

x

Biobank information management for regenerative medicine.

x

Extending BMI ontologies to include Nanomedicine and regenerative medicine
concepts.

x

Analysis of Nanomedicine based imaging. Adaptation of DICOM to include
nanoimages.

x

Information processing in Clinical Trials including effects of nanoparticles.

x

QSAR like systems for Nanomedicine.
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