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ABSTRACT: Five decades of research and practical application of
computers in biomedicine has given rise to the discipline of medical
informatics, which has made many advances in genomic and trans-
lational medicine possible. Developments in nanotechnology are
opening up the prospects for nanomedicine and regenerative medi-
cine where informatics and DNA computing can become the cata-
lysts enabling health care applications at sub-molecular or atomic
scales. Although nanomedicine promises a new exciting frontier for
clinical 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 nano-related research and applications into clinical practice, lead-
ing to an area that could be called “translational nanoinformatics.” At
the same time, DNA and RNA computing presents an entirely novel
paradigm for computation. Nanoinformatics and DNA-based com-
puting are together likely to completely change the way we model
and process information in biomedicine and impact the emerging
field of nanomedicine most strongly. In this article, we review work
in nanoinformatics and DNA (and RNA)-based computing, including
applications in nanopediatrics. We analyze their scientific founda-
tions, current research and projects, envisioned applications and
potential problems that might arise from them. (Pediatr Res 67:
481-489, 2010)

ver the past two decades, bioinformatics and systems
biology have addressed informational challenges in bio-
medicine at the molecular and cellular level, leading to the
sequencing of the Human Genome and other -omics projects.
At a higher scale, or organismal level, medical informatics
deals with patient information, whereas public health infor-
matics focuses on their aggregation at the population level.
Recently, Biomedical Informatics (BMI) has emerged to in-
tegrate 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. The new discipline of Nanoinformatics aims to
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represent and work with information at the nano level. In this
review article, 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. We include in this
review the related computational field dealing with methods
and devices that process biological information by using DNA
and RNA.

Nanoinformatics refers to the use of informatics techniques
for analyzing and processing information about the structure
and physico-chemical characteristics of nanoparticles, their
environments, and applications. Figure 1 schematically repre-
sents some of its relationships with related disciplines.

Nanoinformatics is a newly emerging informatics area, work-
ing at the intersection between informatics (computer science and
information technologies), nanotechnology, medicine and estab-
lished 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)
(http://128.119.56.118/~nnn01/Workshop.html). In 2008, the
European Commission launched the first European initiative
linking Nanoinformatics and BMI, the ACTION Grid project in
which the authors participate (http://www.action-grid.eu/). These
and other foundational initiatives have emerged to support
Nanoinformatics as a discipline designed to catalyze and accel-
erate research and developments in nanomedicine (Baker NA,
Fritts M, Guccione S, Paik DS, Pappu RV, Patri A, Rubin D,
Shaw SY, Thomas DG 2009 ‘“Nanotechnology Informatics”,
White paper commissioned by the US National Cancer Institute,
NCI, Bethesda, MD).

Nanotechnology in Medicine: Physical Foundations
of Nanomedicine

A search in Medline for the term “nanomedicine” at the
time of writing shows 1224 articles already published. Some
examples are highlighted in Table 1, drawn from a wide range
of sources (1-11).

Despite the numerous current applications, the biological
effects of these nano-scale devices are far from completely

Abbreviations: BMI, biomedical informatics; NPO, nanoparticle ontology;
NCI, national cancer institute
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Figure 1. Relationships of nanoinformatics with other closely connected
disciplines.

Table 1. Examples of applications in nanomedicine

Examples of applications of nanotechnology in medicine

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 (1)

New methods for Early detection of diseases (2,3)

molecular imaging

Implantable materials and For tissue repair and replacement and therapies

devices such as restoring vision and hearing
function (4)
Nanorobots Devices that combine diagnostic and

therapeutic features, such as individual cell
surgery in vivo or improvement of natural
physiological function (5)

Targeted drug delivery to By using nanoparticles to take advantage of
diseased tissues the enhanced permeability and retention
(EPR) effect due to the leaky vasculature
and decreased lymphatic drainage in
tumors (6)

By using plasmon resonance absorption of
nanoshells to kill cancerous tissues (4)
Nanoparticles and nanosystems designed for

drug delivery within cells (7,8)

Selective treatment of
diseased tissues

Overcoming solubility
limitations of new and
existing drugs

Gene identification Detecting the presence of a sequence in a
genetic sample using gold nanoparticles (9)

Transporting DNA into cells for gene
therapy (10)

Already introduced in pharmacogenomics, it
associates both a diagnostic and a new
therapy (11). 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 (4)

Gene delivery

Theragnostics

Nanomotors

understood, and 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 system, tissue, organ,
cell, organelle, and molecular environments. A nanoparticle

can therefore be designed to achieve specific medical goals
based on its novel nanoscale properties coupled with a func-
tionalization that facilitates its interaction with the different
biological environments it will encounter. This sensitivity of
the efficacy of a nanoparticle formulation to its detailed struc-
ture is both its advantage and its handicap, because nanopar-
ticles 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 con-
tinue 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 effi-
ciently manage all these data, new informatics tools must be
implemented to archive, access, and annotate the relevant
data, to couple that data to new computational methods, and 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.

Some nanoparticles and nanodevices have been already
approved by the Food and Drug Administration or are in
advanced clinical trials. For instance, superparamagnetic
nanoparticles to detect metastatic lymph node involvement in
a variety of solid tumors (12); albumin-nanoparticles bearing
paclitaxel for metastatic breast cancer (13); or new devices
combining microfluidics and nanosensors are being investi-
gated for the detection of circulating tumor cells and biomar-
kers from peripheral blood (14,15).

These applications of nanomaterials offer new challenges
for personalized medicine. Personalized medicine aims to
adapt therapies to individual patients (16). Thus, drugs may be
tailored to groups of people with similar or related genetic or
physiologic characteristics. In this context, classical clinical
studies must be redesigned to adapt to the advances made in
genomics, proteomics, and pharmacogenetics. The introduc-
tion of nanoparticles that can target different molecules or
groups of atoms with high precision can significantly advance
personalization of clinical procedures. Examples include elu-
cidating a molecular phenotype or fingerprint of a patient’s
cancer, delivering molecular targeted therapies, monitoring
the efficacy of treatment, and informing future treatment de-
cisions (R Cachau and M Fritts, unpublished data, 2009). The
specialty of pediatrics involves unique developmental issues,
which will require considerable targeted research, because

e Childhood metabolism is different, with specific excretion
profiles, and use of different receptors.

e The patient population is smaller and with special charac-
teristics, which affects the design of clinical trials and may
reduce potential markets for drugs.

e The immune system works differently in children.

¢ Diagnosis and treatment are more difficult to implement.

e Nanoparticles as contrast agents for diagnostic imaging may
have different effects in children than in adults.
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¢ Nanomaterials need to be designed for lower toxicities and
greater effectiveness in children.

A number of initiatives already apply nanomedicine
to pediatrics (17). For example, Mattel Children’s Hospi-
tal at UCLA has launched a pioneer NanoPediatrics Pro-
gram, attempting to personalize medicine for children
(http://www.nanopediatrics.ucla.edu/). At the same institu-
tion, other groups are trying to improve the delivery of
anti-cancer agents to tumor cells in children, so as to
increase the effectiveness of chemotherapy and reduce its
toxicity.

The company NanoStar Health Corporation is develop-
ing novel nanotechnology methods for instantly assessing
the metabolic profile of premature infants without period-
ically collecting a blood sample from a newborn’s heel
(http://www.nanostarhealth.com/Welcome.html).

The company Genetic Immunity reported its DermaVir Patch, a
Nanomedicine Vaccine product candidate for the treatment of HIV/
AIDS in children (http://www.geneticimmunity.com/GI00.html).

A new generation of nanodevices for diagnosing and treat-
ing children with genetic diseases and cancer includes the use
of nanoparticles for diagnostic imaging during pregnancy,
nano-based newborn screening tests for genetic abnormalities
and mutation detection for cystic fibrosis using a nanoparticle
based bio-sensing system (18). Similarly, nanomechanical
approaches study the effect of drugs on Pseudomonas aerugi-
nosa, the causative agent of chronic lung infections in patients
affected by cystic fibrosis (19).

Nanoinformatics can contribute critically to some of the
above. Examples include: describing the use of computer
simulations for improving targeted delivery of magnetic aero-
sol droplets to specific lung regions to treat asthma, cystic
fibrosis, respiratory infection, or lung cancer (20). Stone et al.
analyzed the potential toxicity of air pollution nanoparticles in
children and adults in terms of cellular and molecular inter-
actions involved in inducing oxidative stress and inflammation
(21,22).

Managing Toxicity of Nanomaterials

The scientific community faces potentially serious issues
related to patient safety and possible secondary effects related
to the use of nanoparticles. Nanoparticles can have a natural or
biological origin—Ilike viruses—or be engineered, including
very different elements. It is their small size that gives nano-
particles their unique electrical, optical, and chemical proper-
ties, raising concerns about their potential toxicity (23).

More research on the physico-chemical properties of nano-
materials, such as size, shape, crystalline structure, chemical
composition, and how all these present, whether in vivo or in
vitro, are necessary. In this regard, controversies have arisen
when research articles suggest that nanoparticles can damage
DNA or specific cells. In some cases, studies in vifro may
have little relevance to human exposure risks or may be even
deeply flawed. In some cases, it is the dose and mechanism of
action that makes a nanoparticle therapy toxic, rather than the
properties of the nanoparticle itself.

In Nanoinformatics, toxicity will play a critical role.
There are already databases of toxic effects such as Na-
tional Institute for Occupational Safety and Health’s
(NIOSH) (http://www.cdc.gov/niosh/), and Oregon Nano-
science and Microtechnologies Institute’s (ONAMI) toxicity
screen using embryonic zebra fish (http://www.greennano.org).
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 United States some initiatives—like Advancing
Clinico Genomic Trials on Cancer (ACGT) (24) and the cancer
Biomedical Informatics Grid (caBIG) (25)—have developed
new approaches to data sharing, modeling, and simulation of
drug delivery and distributed computing processing over sophis-
ticated Grid-based infrastructures. They aim to accelerate the
trials needed to ensure drug efficacy and safety. By using ad-
vanced computational methods, researchers can reduce the time
taken to translate drugs—and nanoparticles—from the laboratory
to clinical practice.

Nanoinformatics: Informational Foundations
for Nanomedicine

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, we have performed research to integrate
genomic with medical information systems (26,27). This pro-
cess has proven to be more difficult than anticipated, because
of a variety of reasons.

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 in-
clude, for instance:

e The development of central repositories of nanoparticle data
[such as GenBank for nucleotide sequences or Protein Data
Bank (PDB) for structures], and specific databases (the
thousand plus public databases with —omics data).

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

e Domain nano-ontologies—like Gene Ontology for genom-
ics—terminologies, and vocabularies—like Logical Obser-
vation Identifiers Names and Codes (LOINC) for laboratory
data, Systematized Nomenclature of Medicine (SNOMED)
for clinical terminology or the Unified Medical Language
System.

e Tools for decision support—Ilike expert systems or those
based on data mining but working on an even more rapidly
changing knowledge-base of nanomedicine.

For nanomedicine research, there are today many disparate
sources of information. For instance, researchers at the Uni-
versity of Talca, in collaboration with members of the Ad-
vanced Biomedical Computing Center at the NCI, have de-
veloped a pilot database of nanoparticle structures, currently
containing 5 different categories: carbon nanotubes, dendrim-
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ers, 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 chem-
ical properties), low-energy configurations, associated files,
and technical information. Researchers can contribute by add-
ing new nanoparticle structures and information to the data-
base, by using available structures in additional computations,
in annotating existing structures and results, and by initiating
collaborative modeling exercises through the use of a wiki
interface (http://nanobiology.utalca.cl/csn/index2.php).

A different approach to building a classification of nano-
particles based on nanoparticle constituent structures and their
properties rather than structural motifs has been proposed by
Tomalia (28). On the basis of intrinsic properties of nanoele-
ments and nanocompounds, Tomalia anticipates a future nano-
periodic table (or tables). The European Commission and several
US agencies have launched a collaboration for the development
of inventories of nanoparticles, including techniques for mod-
eling relationships between nanoparticle properties and toxic-
ity and the interaction of nanoparticles with biological systems
(http://cordis.europa.eu/nanotechnology/src/safety.htm).
These and other initiatives will allow, for instance, to even-
tually link toxicological effects to patient data from comput-
erized medical records. Therefore, it can be expected that a
large number of information resources will be soon available
for researchers.

To locate information that is available at multiple sites over the
Web, bioinformaticians have developed catalogues and invento-
ries of resources, such as BioPortal (29), the Bioinformatics
Links Directory (BLD) (30) or the catalogue available at the
European Bioinformatics Institute (http://www.ebi.ac.uk/services/).
Based on text mining techniques, the authors have built a new
approach to automatically create a searchable index of bioin-
formatics resources, with information automatically extracted
from abstracts of research articles using text mining tech-
niques (31). We are currently building a nanoinventory of
resources from the literature (32), in which we have seen the
great variability in how researchers report their results. In this
regard, 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 (33). Table 2 presents some
examples of current resources in the nano areas.

Because nanotechnology involves a lengthy development
pipeline from nanomaterial synthesis to physical characteriza-
tion, 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 to produce results from these methods.
This will be one of the central challenges for nanoinformatics.

Previous work in the -omics area have shown that data
cannot be automatically integrated. For instance, with mi-
croarray area, minimum information standards [e.g., the
minimum information about a microarray experiment
(MIAME) that is required to enable the interpretation of the
results of the microarray experiments] specify basic proce-
dures for collecting and sharing data from diverse labora-
tories (34). In 2008, the Minimum Information for Nano-
material Characterization (MINChar) Initiative launched a
process for developing a similar standard for nanotoxicol-
ogy studies (http://characterizationmatters.org/).

From a computational perspective, heterogeneity must be
addressed at both the syntactic (hardware and software) and
semantic levels. For instance, some medical information sys-
tems 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. 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 compu-
tational approach for systematizing knowledge—particularly
in biomedicine (35). They have become a fundamental tech-
nology for structuring knowledge and, therefore, facilitating
system interoperability, information retrieval and more se-
mantically informed search. Thus, they are central to the
development of the Semantic Web (http://www.w3.org/).

Structuring information in nanomedicine is essential for ad-
vancing research, and for this, controlled vocabularies and ontol-
ogies will be key, but present challenging definitional and repre-
sentational problems. The MeSH term “nanoparticle” was
introduced in 2007 (http://www.ncbi.nlm.nih.gov/sites/entrez). In
addition, new taxonomies and ontologies such as the Nanomedi-
cine Taxonomy (NT) (Gordon, N., Sagman, U. 2003 Nanomedi-
cine Taxonomy. Canadian Institute of Health Research & Cana-
dian NanoBusiness Alliance, Toronto, Canada) and the
NanoParticle Ontology (NPO) are being developed (36). NT is
centered around a structured description of the areas included
within nanomedicine. NPO is an ontology designed to capture
knowledge related to nanoparticles, based on their physical,
chemical, and biological/functional characterization. NPO is be-
ing developed at Washington University and has already been
adopted in different initiatives of the NCI. Because NPO is a
domain ontology, there are proposals to develop domain ontol-
ogies and controlled vocabularies in the area of cancer nanotech-
nology, 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 nanotechnol-
ogy or BiomedGT, to translate among different ontologies (NCI
2009 white paper, previously mentioned).

Ontologies are also important for developing new Nanopor-
tals, after other successful BMI initiatives such as BIOPORTAL
(29). These kinds of nanoportals will benefit from recent research
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Purpose Acronym Resource Institution URL
Data collection MinChar Minimum Information for Research community initiative http://characterizationmatters.org/
Nanomaterial Characterization
(MINChar) Initiative
Data storage MICAD Molecular Imaging Contrast Agent  National Center for http://micad.nih.gov/
Database Biotechnology Information
(NCBI), at the NIH
NCL Assay Cascade Protocols National Cancer Institute http://ncl.cancer.gov/working_assay-
Nanotechnology Characterization cascade.asp
Laboratory
CaNanoLab  Cancer Nanotechnology Laboratory — National Cancer Institute http://cananolab.abcc.nciferf.gov/
caNanoLab/
CSN Collaboratory for Structural National Cancer Institute, http://csn.nciferf.gov/csn/index2.php
Nanobiology University of Talca, Chile
NBI KB Nanomaterial-Biological Oregon State University http://oregonstate.edu/nbi/nbi/
Interactions Knowledgebase
NIL Nanotechnology Information NIOSH http://www.cdc.gov/niosh/topics/nanotech/
Library NIL.html
OECD OECD Database on Research into OECD http://webnet.oecd.org/NanoMaterials
the Safety of Manufactured
Nanomaterials
ICON EHS  Nano-EHS Database Analysis Tool International Council on http://cohesion.rice.edu/centersandinst/
Nanotechnology (ICON) icon/report.cfm
Data exchange and  ISO TC229  Technical Committee229 — International organization for http://www.iso.org/iso/iso_technical _
standardization Nanotechnologies standardization committee?commid=381983
NIST NIST Nanotechnology Portal National Institute of Standards http://www.nist.gov/public_affairs/
and Technology nanotech.htm
ANSI ANSI Nanotechnology Standards American National Standards http://www.ansi.org/
Panel Institute’s Nanotechnology
Standards Panel (ANSI-NSP)
Knowledge NPO NanoParticle Ontology National Center for Biomedical http://bioportal.bioontology.org/
representation Ontology ontologies/40655
NIO Nanotech Index Ontology Nanomateria Center, Japan http://mandala.t.u-tokyo.ac.jp/english/
nanoindex.html
Collaborative SafeNano Nanotechnology Hazard and Risk Institute of Occupational http://www.safenano.org/
portals Medicine
Internano Information clearinghouse for the National Nanomanufacturing http://www.internano.org/
nanomanufacturing community Network
NSTI Continuing education programs, Nano Science and Technology http://www.nsti.org/
scientific and business publishing Institute (NSTI)
and community outreach
IEEE Theory, design, and development IEEE Nanotechnology Council http://ewh.ieee.org/tc/nanotech/
of nanotechnology and its
scientific, engineering, and
industrial applications
Modeling and NanoHub Analytical tools and simulations NSF-funded Network for http://nanohub.org/

simulation

Computational
Nanotechnology

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, modeling, and simulation software tools or even
engineer nanoparticles. All this information can be shared,
reused, and discussed and analyzed by other users later,
leading to new scientific insights (37). Figure 2 shows a
representation of the infrastructure and computational tasks
required in the nano areas.

An example is the cancer Nanotechnology Laboratory portal
(caNanoLab) (https://wiki.nci.nih.gov/display/ICR/caNanoLab).
It provides a secure support for data curation, annotating
nanoparticles with characterizations 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 and NCI’s Alliance for
Nanotechnology in Cancer (http://nano.cancer.gov), which in-
cludes the Cancer Centers of Nanotechnology Excellence (CC-
NEs) and the Nanotechnology Characterization Laboratory
(NCL). The Collaboratory for Structural Nanobiology (CSN) is a
pilot, which supports sharing of structural models of nanopar-
ticles and predictive computational modeling.

Translational Nanoinformatics: New Challenges

As noted above, many current nanoinformatics applications
look very similar—at least, on the surface—to comparable
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Figure 2. A representation of the infrastructure and computational tasks
required in the nano areas.

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 to 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 scien-
tific discovery. Given that many molecular level processes
increasingly involve new atomic-level or nano-level mea-
surements and understanding, translational bioinformatics
aims to translate the increasing amount of -omics data into
new knowledge than can provide, among other results, per-
sonalized medical diagnosis and therapy for patients, despite
the complexity of multi-gene and environmental interactions
in human diseases. From such a 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 the nanoscience field, when scientists face problems at
the 10 angstroms scale, unexpected scientific phenomena
emerge, involving underlying problems which demand differ-
ent solutions from those at larger scales (38). 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 rather difficult task, we must wonder what might
be needed to deal with information spanning several more
orders of magnitude in complexity, such as the historical,
social, political, psychological, emotional and economic in-
formation that play such a significant role in biomedical
informatics.

Researchers begin to face unique challenges that nano
brings to informatics as referred to above—such as the poly-
morphic and polydisperse nature of nanomaterials. These
characteristics imply a substantial added requirement for ex-
pert 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 before semantic or ontolog-
ical analyses, and may well influence the new area of trans-
lational nanoinformatics. That is, it will be use-driven in
defining the information needed to advance the science and
the translation to the clinic.

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 nanotox-
icity, with new models of imaging, and pharmacodynamics,
which go beyond traditional research and curricula in BML.
Future professionals with expertise in nanoinformatics may
have an important role to play as information brokers, con-
necting people with diverse backgrounds and expertise who
would, otherwise, have a difficult time understanding each
other. In such futuristic academic programs for nanoinformat-
ics/nanomedicine, informatics methods and tools could play a
central role for students and professionals by helping under-
stand and manage the new concepts needed, without having to
become quantum physicists or chemists.

In the above, we have focused on concrete applications of
nanoparticles in nanomedicine. But, at the scientific level,
there is a significant challenge related to the concept of
“information.” The pioneering book by Blois (39) thoroughly
explored the concept of information and its relevance to
medicine, illustrating clearly the difficulties of defining infor-
mation 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 medi-
cine 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 chal-
lenges in science are usually quite beyond mainstream re-
search in BMI but will be essential to define the new infor-
matics at the nano level.

Future Directions: DNA and RNA Computing

Recent advances in biotechnology and genetic engineering are
allowing physicists, engineers, and computational scientists to
explore the computational promise of biological mechanisms as
a technology. Synthetic biology (40) and the engineering of
biological systems (41) are new fields that consider a cell as a
machine that can be programmed, controlled, regulated, and
modulated. Specific genetic engineering tools will allow building
biological hardware and software (biomolecular automata and
genetic circuits, for example) that operate within a cell and help
diagnose diseases and deliver treatments in vitro. In the near
future, it is expected that these biomolecular devices will operate
in vivo within living organisms.

Biomolecular computing (42) is the term used for informa-
tion processing coded in biological macromolecules. A bio-
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molecular computer is a device made with these biomolecules
that processes biological information, and use DNA, RNA,
proteins, or their combination. In this section, we will describe
only a few of the most relevant DNA and RNA-based com-
puters developed so far and applied to in vivo diagnostic and
drug delivery.

Since 1994, when Adleman (43) solved a computational
problem using biomolecules (DNA strands and enzymes),
scientists have learned that biological computers will not
compete with electronic computers in speed and accuracy for
numerical solutions of conventional problems (popularly,
number crunching). Their real potential lies in their natural
role for operating in biochemical environments, sensing and
analyzing biomolecular signals, and emitting biomolecular
outputs. These biological and “wet-lab” environments are not
hospitable for electronic devices but are perfect for biomolec-
ular devices processing biological signals.

DNA-Based Automata

The engineering of programmable biomolecular automata
applied to the diagnosis/treatment in vitro of a disease is a
promising application in the area of intelligent in situ drug
delivery. This field started in 2001 with the first design of a
DNA-based automaton operating in vitro (44) applied to
biomedical diagnosis in 2004 (45). An automaton is a device
that can operate in an autonomous way, sensing inputs, pro-
cessing those inputs and emitting an output without external
human interaction.

In the biomolecular automaton developed by Benenson and
coworkers (45,46), the inputs of the device are molecular
diagnostic biomarkers like messenger RNAs (mRNA). The
computational unit (a double DNA strand called a diagnostic
molecule in Fig. 3) processes the different inputs and emits a
positive diagnosis output only if all the disease indicators are
present. This computational unit has medical-diagnostic
knowledge encoded in a chain of logical IF/THEN rules of the

Inactivate

Fok | restriction ssDNA drug

enzyme Diagnostic molecule

i T ————
Cut

mRNA input
; E Cut

e

Output: Release of an
active ssDNA drug

Figure 3. Biomolecular automaton made with DNA strands and a Fok 1
restriction enzyme. The automaton will deliver a single stranded DNA drug
molecule only if the input, an mRNA strand, is detected. Only in this
situation, in the state of “Positive Diagnosis,” the enzyme Fok I will cut the
diagnostic molecule to deliver the DNA drug. Adapted from Benenson Y
et al., 2004; Nature 429:423-429; Copyright © 2004 Macmillan Publishers
Ltd, with permission.

type: “IF mRNA_1 level is high THEN Diagnosis Positive.”
The output in the case of a positive diagnosis will be the
release of a single strand drug DNA molecule. This kind of
automaton has two states: “Positive diagnosis” and “Negative
diagnosis.” Only in the case that the automaton ends its transi-
tions in the “Positive diagnosis™ state will it deliver the drug
DNA molecule. The transitions of the automata are executed with
a restriction enzyme called Fok I that cuts the diagnostic
molecule when processing each mRNA input. The cuts made
by the Fok I enzyme in the two DNA strands are represented
with arrows in Fig. 3.

The Ehud Shapiro’s group at the Weizmann Institute and
other groups are working to solve the grand challenge of
putting a “Doctor in a Cell”: a genetically modified cell that
can operate in a human body, with a biological computer
inside it that can process and analyze external biological
signals, emit a diagnosis and deliver the desired molecular
therapeutic signal (46).

DNA-Based Sensors and Circuits

Another important and widely used nucleic acid sensing
technique is the so-called “competitive hybridization” or
“strand displacement” (47). This technique is used in the
design of DNA logic circuits (47,48) for the intelligent sensing
and processing of DNA and RNA molecules.

The basic mechanism of a DNA or RNA sensor is based on
competitive hybridization as shown in Fig. 4. The device
detects the presence or absence of an input: the DNA (or
RNA) strand called A. The sensor consist of two DNA strands
B and A’ partially hybridized. B and A’ are not fully com-
plementary. A’ is the DNA strand complement of A. If the
input A is present, it will displace B from the BA’ complex
due to it’s stronger attraction for A’ and the greater stability of
the duplex AA’. The presence of A can be detected by
attaching a fluorescent molecule at one end of B and a
quencher molecule at the end of A’. The quencher molecule
will avoid the fluorescence when A is not present. If A is
present, B will emit fluorescence (Fig. 4). By using this simple

d Sensing a DNA/RNA strand b Sensing a chemical signal

B Riboswitch: RNA sensor

DNA strand A g
—
Input A
Strand Competitive Ligand Input
displacemenf| hybridization 3 binding
A B
o -
~ Output Output

Figure 4. (a) DNA sensor. A complex formed by two DNA strands B and A’
can detect the presence of a DNA strand A by competitive hybridization
between A and B. Only when A is present B strand will be displaced from the
quencher in A’ and will emit fluorescence. () RNA sensor. An RNA strand
with a hairpin loop will change its conformational structure when it detects
and binds to its ligand (chemical input). Only when the chemical input is
present, the conformational change separates the fluorescent molecule from
the quencher allowing the emission of fluorescence. Adapted from Davidson
EA et al., 2007; Nat Chem Biol 3:23-28; Copyright © 2007 Macmillan
Publishers Ltd., with permission.
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technique sophisticated logic circuits detecting and analyzing
complex patterns of DNA or RNA signals have been engi-
neered (46,47).

RNA-Based Computers

New kinds of endogenous RNA molecules like antisense
RNA, microRNA, small interference RNA (siRNA), riboregu-
lators, ribozymes, and riboswitches with new genetic expres-
sion regulatory properties (basically, the ability to silence any
precise and selected gene) have been discovered in the past 10
years. This process, called RNA interference (RNAi), was first
explained in 1998 by the 2006 Nobel Laureates Fire and Mello
(49). In 2002, RNAi was called by Science Journal as the
“Breakthrough of the Year” for its potential to become a
powerful therapeutic mechanism or drug. There are currently
dozens of RNAi-based drug compounds in clinical trials.
Excellent reviews covering RNA regulation activity and RNA
synthetic biology can be found in Refs. 50,51.

The discovery of RNA interference has led to great interest
in the development of new synthetic DNA and RNA-based
computers that can sense, process and deliver these new RNA
molecules. For example:

e Win and Smolke (52) have developed an in vivo RNA
system based on riboswitches and ribozymes. Riboswitches
are RNA molecules that bind small ligands to regulate gene
expression through conformational changes that control the
expression activity (see the action of a simple riboswitch in
Fig. 4b) and ribozymes are RNA enzymes that catalyze
RNA cutting.

e Benenson and coworkers (53) have developed a DNA logic
circuit that can process and analyze up to five siRNA inputs.
These siRNA are synthetic 20 nucleotide doubled-stranded
RNAs that repress translation.

e Winfree and coworkers (47) have developed logic circuits
that can receive as inputs microRNAs (its function is similar
to siRNA inhibiting protein translation through selective
pairing with a target mRNA).

e Bueno and Patén (54) have developed a synthetic device
that generates oscillatory biomolecular signals using two
interacting genes and one ribozyme.

Other relevant work includes Stojanovic’s molecular au-
tomaton made with deoxyribozymes (55) and the pioneer
works of Weiss and Knight (56) at MIT designing genetic
circuits. In Ref. 57 Simmel describes biomedical applications
of DNA devices and (58) contains a complete review of
biocomputers. But, the grand challenge that faces the biomo-
lecular computer engineering field is to design and follow a
successful path from devices working in vitro to designs that
can operate in vivo.

CONCLUSIONS

Various types of nanoparticles can be used in nanomedicine
for different purposes. 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 the development of new nanoparticles for drug delivery

benefit from physical characteristics that were not available
previously, so nanoinformaticians deals with new challenges
and will need different foundations and rationales than those
that have been shown effective in the past at more macro
levels.

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 invalu-
able in accelerating the design and implementation of nano-
particles and devices and the evaluation of in vitro and in vivo
applications, which will help advance nanomedicine. How-
ever, 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, environ-
ments, functions, toxicities and other aspects of nanomedicine
encourages more researchers to work on nanomedical appli-
cations. By creating new modeling and simulation methods
and tools, building databases and ontologies and the interop-
erable infrastructures required for research; informatics re-
searchers will have a decisive impact on nanomedicine, col-
laborating with advanced laboratories in academic settings,
hospitals, and industry. Such informatics’ research will re-
quire as much or more financial support than research is
currently providing to BMI and systems biology, but is a
natural extension of it, which increases the opportunities for
advances in healthcare by many orders of magnitude.

We can anticipate that nanoparticles will have a primary
role in medical 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. Further costs arising from nanomedical technolo-
gies might deepen the existing divide between the rich and the
poor both within and between nations, leading to even greater
social and political problems. Yet, from a positive perspective,
informatics may be able to support the investigation of plan-
ning and allocation strategies that could identify precisely
those patients where the benefits of nanomedicine might prove
most critical, cost effective, and of greatest human value.
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