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Promise and peril in
nanomedicine: the challenges
and needs for integrated systems
biology approaches to define
health risk
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In the 1966s visionary film ‘Fantastic Voyage’ a submarine crew was shrunk to
100 nm in size and injected into the body of an injured scientist to repair his
damaged brain. The movie (written by Harry Kleiner; directed by Richard
Fleischer; novel by Isaac Asimov) drew attention to the potential power of engi-
neered nanoscale structures and devices to construct, monitor, control, treat, and
repair individual cells. Even more interesting was the fact that the film elegantly
noted that the structure had to be miniaturized to a size that is not detected by
the body’s immune surveillance system, and highlighted the many physiological
barriers that are encountered on the submarine’s long journey to the target.
Although the concept of miniaturizing humans remains an element of science fic-
tion, targeted drug delivery through nanobots to treat diseases such as cancer is
now a reality. The ability of nanobots to evade immune surveillance is one of the
most attractive features of nanoscale materials that are exploited in the field of med-
icine for molecular diagnostics, targeted drug delivery, and therapy of diseases. This
article will provide a concise opinion on the state-of-the-art, the challenges, and the
use of systems biology—another equally revolutionary field of science—to assess
the unique health hazards of nanomaterial exposures. © 2017 Her Majesty the Queen in

Right of Canada. WIREs Nanomedicine and Nanobiotechnology published by Wiley Periodicals, Inc.
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NANOMATERIALS
AND NANOMEDICINE

Nanomaterials are engineered at an unprecedent-
edly small scale (nano is a prefix meaning one

billionth) and exhibit novel chemical, physical and
biological properties that are distinct from bulk
materials (larger than 100 nm). As a result of these
distinct features, applications of nanomaterials are
versatile and extend into all aspects of modern life
style including the energy, biomedical, consumer, and
industrial sectors. With the immense growth of nano-
technology (the field of science that exploits the dis-
tinct physicochemical properties of nanomaterials) in
the last decade, nano-enabled products (products
containing nanomaterials) have become increasingly
common. More than 1,600 products containing
nanomaterials are currently on the market,1 and
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there is an increasing reliance on these novel materi-
als. One of the most exciting applications of nano-
technology is in field of medicine.

Nanomedicine is a new field of molecular medi-
cine that exploits the ability to control individual
atoms and molecules, and associated properties, to
generate complex functional drug delivery vehicles,
diagnostic and analytical tools for application in medi-
cine.2 Nanomaterials are not drugs themselves, but can
be loaded with drugs, genes, antibodies, or radioactive
materials and their surface can be functionalised with
antibodies, peptides, or small molecules.2 Several types
of nanomaterials including liposomes, polymers,
metals and metal oxides, and composites are used in
nanodrug delivery systems. Once in the host, the activ-
ity of these drug-carrying vehicles called nanovectors is
controlled in such a way that the content of the vector
is unloaded only under specific conditions such
as appropriate pH, temperature, or light (reviewed in
Ref 3). While controlled delivery helps to protect the
host from unintended exposure to active drug and pro-
tect the drug from being detected by the host’s surveil-
lance system, surface functionalization helps achieve
delivery of the vector contents with great specificity.
Other factors, such as enhanced cellular penetration
due to their nanosize and their ability to load mixtures
of active ingredients onto the nanomaterial to enable
in vivo tracking of drug delivery, makes them attractive
options for diagnostics and treatments.3

A recent detailed literature review4 identified
247 nano-enabled applications and products that
were either approved for use, under clinical study, or
in the process of going into clinical trials. The details
of nano-enabled therapeutics in phases I, II, and III
clinical trials are summarized along with the type of
the nanomaterial used, the names of the drugs, and
the company synthesizing them.5 The types of uses
for the various products identified in these studies
varied from treatment of cancers to antibacterial gels.
Some of the nano-enabled medicines, such as lipo-
somes, have been used for treating Kaposi’s sarcoma,
and recurring breast and ovarian cancer.6 Albumin-
coated paclitaxel particles have also been used to
treat metastatic breast cancer.6 Overall, there are
many opportunities for use of engineered nanomater-
ials in therapeutics as reviewed in Refs 7,8 including:

1. ex vivo diagnostics—nanomaterial-based bio-
barcode assays are being validated for early
detection of cancer or neurological diseases,
which involve surface functionalization of
nanomaterials with DNA sequences or antibo-
dies to detect expression of a gene or protein

biomarker of a disease in a specific cell type or
biological fluid;

2. in vivo imaging—superparamagnetic nanoma-
terials are being validated for their application
in imaging of tumor lesions, to track in vivo
cellular movement following transplantation;

3. targeted delivery—ligand-attached nanomater-
ials are being developed for noninvasive detec-
tion and monitoring of in situ changes in the
expression of biomarkers in tumor sites;

4. theranostics—integrated strategies to deliver the
imaging and therapeutic components via a single
nanovector are emerging and will permit accu-
rate diagnosis of disease stage and real time mon-
itoring of drug delivery and distribution, and
effective assessment of post-therapy outcomes9;

5. co-delivery of multiple therapeutic drugs
against different targets, increasing the efficacy
of anticancer treatments.

Thus, it is widely touted that nanomedicine will con-
siderably improve the way many complex diseases
are treated.

The other exciting nano-enabled innovation is in
personalized medicine, a health care strategy where
patient-specific treatments are prescribed on the basis
of genetic, phenotypic, and environmental factors that
are known to influence the outcome of a therapy.10 It
is well-known that drug efficacy and safety is
individual-specific11; the precise control over particle
size, shape, surface modifications, and other character-
istics enables design of patient-specific therapeutics.

While nanomedicines and nano-enabled diag-
nostic tools continue to gain wide acceptance and
applications in disease diagnosis and treatment, a
clear and precise understanding of the interactions
between nanomaterials and the surrounding biologi-
cal milieu is integral to the success and sustainability
of such applications. This understanding is critical
particularly with respect to adverse toxicological
properties that nanomaterials might possess.

CURRENT ISSUES WITH TOXICITY
TESTING OF NANOMATERIALS

It was established early on that nanomaterials are
not benign and that they can affect biological systems
at the molecular and cellular levels resulting in detri-
mental effects. Observed biological effects induced by
nanomaterials were also clearly identified as uniquely
influenced by their varying physicochemical proper-
ties.12,13 Over the last decade, considerable efforts
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have been made to develop suitable in vivo and
in vitro toxicity testing assays, or to adapt methods
developed originally for bulky materials, to assess
nanomaterial-induced toxicity. However, most nano-
materials are insoluble and have a tendency to aggre-
gate, influencing exposure doses in a variety of ways
including interference with optical measurements,
and inducing nonlinear dose–response relationships.
Moreover, the currently applied test strategies lack
sensitivity to detect effects at low doses.14,15 Thus,
validation of the test systems for nanomaterials
assessment has been challenging.

Issues for nanomaterial toxicity testing go
beyond the lack of validated methods. Given the size
(1–100 nm), shape (sheet, sphere, cube, fiber, tube),
and surface (crystalline structure, impurities, charge,
presence of coatings, defects) permutations, which
may be the fundamental drivers of nanomaterial func-
tionality (e.g., optical, electrical, mechanical, and
chemical behavior), a clear picture of the scale of the
library of nanomaterials combining these variables
becomes apparent. For example, in nanomedicine, a
simple form of a nanovector may consist of entry cate-
gories such as a shape, biological targeting agent, and
specific type of payload for treatment. Considering
that each of these entry categories can be replaced by
100 different choices, combinations of the categories
will result in 10 possible vector candidates.16 Thus,
the high degree of nanomaterial variables in the con-
text of toxicity testing is a challenge because it is sim-
ply impossible to test each nanomaterial variant for all
of its toxicological properties. Moreover, it is known
that nanomaterials can impact multiple biological
functions and pathways that are yet to be elucidated.
In addition, hazard characterization of this diversity
of forms using traditional animal toxicity studies
would be prohibitively costly, time consuming and
present ethical problems. Indeed, if one were to use
the conventional strategy for targeted testing of
chemical-induced toxicity, it is estimated that it would
require over a billion dollars and about 50 years to
effectively assess the nanomaterials that are currently
on the market that require immediate assessment.17

As a result, while the widespread synthesis and uses of
nanomaterials continue to grow in general, an
accepted strategy for safety testing of nanomaterials/
nano-enabled products and human health risk assess-
ment is yet to be established.

Thus, new tools that are more comprehensive
and high-throughput that (1) adequately address the
unique challenges of nanomaterial research, and
(2) can clearly link the toxicity to their specific physi-
cochemical properties, is essential. It is envisioned
that comprehensive information derived from high-

throughput, high-content toxicological tests can help
build knowledge-based property-response matrices to
identify nanodescriptors that can eventually be incor-
porated into drug discovery, drug development, and
predictive toxicity assessment models.18,19

POSSIBLE ALTERNATIVES TO
CONVENTIONAL TOXICITY TESTING

The issues associated with the use of targeted,
endpoint-based conventional toxicity assays are
problematic across various areas of regulatory toxi-
cology; for example, the challenge of conducting risk
assessments of the ~80,000 industrial chemicals esti-
mated to be on the global market. It is clear that the
existing toxicity testing framework is ineffective for
assessing the large volume of chemicals. To deal with
this challenge, a call for transforming toxicology was
made in a paradigm shifting report ‘Toxicity Testing
in the 21st Century: A Vision and A Strategy’ by the
National Research Council.20 In this report, a transi-
tion from the conventional toxicity testing approach
that is reliant on whole animal testing to one that
applies mechanism-based measures in human cell cul-
ture models to develop predictive toxicological tools
was proposed.20 This and other complementary
initiatives and reports have led to widespread
increase in the development of new molecular biol-
ogy, computational, and statistical tools. However,
basic, but critical, elements for the test strategies,
such as selection of cell systems (with intact meta-
bolic systems) that adequately reflect complex in vivo
biology, the scope of the biological space covered
and the specific endpoints measured, and, most
importantly, the empirical relationships between
substance-induced molecular perturbations in a cell
line and response (or adverse effects) in complex mul-
ticellular organisms, remain to be clearly defined.

SYSTEMS BIOLOGY APPROACHES
FOR NANOTOXICOLOGY AND
NANOMEDICINE

Inherent to the challenges outlined above is the real-
ity that cellular function is controlled by sophisti-
cated communication between cells, facilitated by the
complex networks of genes/proteins/metabolites that
interact with each other serving as sensors, regula-
tors, and messengers of internal and external signals.
Comprehensive understanding of this elegant com-
plexity (i.e., systems biology) is a prerequisite to
establishing sensitive mechanism-based alternative
toxicity testing approaches, and drug safety
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evaluation strategies.21 Systems biology technologies
are commonly employed by the pharmaceutical com-
panies during the drug development and drug safety
assessment stages.22 However, a paradigm change
toward systems biology approaches in toxicology
also requires a shift in the regulatory toxicology com-
munity to more broadly embrace nonhypothesis-
driven and mechanism-based strategies. While some
typecast nonhypothesis driven approaches as ‘fishing
expeditions,’ unbiased profiling tools that are not
endpoint-specific and that do not require prior
knowledge of toxicant mode-of-action offer the
opportunity to comprehensively understand the vari-
ous biological processes, functions and pathways per-
turbed in a cell type or a tissue, and to then build
tailored assays that are pertinent and appropriate to
assessing specific effects of toxicants or drugs.
Indeed, the examples of tiered testing strategies, in
which the first tiers include high-throughput and
high-content mechanism-based screening assays that
are used as triggers for subsequent tiers applying
more conventional tests at higher levels of biological
organization, are available (e.g., Ref 23).

Systems Biology24,25 is a holistic approach to
studying the complex interactions occurring within liv-
ing cells and organisms. It combines computational
modeling, bioinformatics tools, and quantitative molec-
ular biology techniques to reveal the dynamic interac-
tions between the different components of a biological
system providing a deeper understanding of the sys-
tem’s behavior as a whole. This type of approach will
prove especially important in the context of nanomedi-
cine, where nanodrugs with improved half-lives admi-
nistered intravenously remain in circulation for long
periods of time before they find their target, during
which they interact with various cell types and physio-
logical barriers, and are retained in the target cells or
tissues long after (days and potentially for years) off-
loading their payload.3 In addition to benefitting toxi-
cological understanding, the molecular documentation
of the long journey of nanodrugs and their interactions
with other biomolecules at different levels of molecular
organization will improve their application.

Although, systems biology has a long history,
owing to lack of appropriate modeling tools, there
have been few success stories. The virtual human heart
built over half a century, which is used in the clinical
settings is one of the true examples of the benefits of
understanding the system as a whole.26 In the last dec-
ade or two, sophisticated tools have been developed
to assemble biological knowledge, enabling the crea-
tion of comprehensive inventories of molecular entities
such as genes, proteins, small biomolecules, and path-
ways. Recent advances in next generation research

tools such as genome-scale sequencing models have
brought a renaissance of big data generation, enabling
visualization of the genetic landscape of an organism
under normal and stress conditions. This, in turn, has
helped to develop mathematical models to understand
how genes and proteins function at the molecular
level, and effectively design the biological systems. The
molecular and pathway perturbations, and their rela-
tionships with toxicological effects, are beginning to
be assembled and cataloged (e.g., the Adverse Out-
come Pathway of the Organisation for Economic
Cooperation and Development).27,28 Parallel advances
in our ability to manipulate DNA and gene/pathway
engineering have enabled construction of synthetic tis-
sues, immune cells and viruses for targeting specific
disease cells, synthetic drug delivery vectors, and
tumor-targeting bacteria, a few recent successes of sys-
tems biology approaches (reviewed in Refs 29,30).
However, it is clear that there is no immediate or sim-
ple solution to the complex challenge of how best to
integrate and apply novel data streams in toxicological
evaluations and risk assessments of toxicants or newly
developed drugs to understand systems-level
responses. Nevertheless, in the context of nanotoxicol-
ogy, application of these systems biology tools enables
the generation of hypotheses to further inform experi-
mental designs for follow-up testing. In the context of
nanomedicine, they allow investigation of the global
interactions between drugs and the biological and
macromolecular environment, thereby supporting tar-
geted drug discovery, drug toxicity and safety assess-
ment, and the development of other molecular
diagnostic approaches.

The other important area of application for
systems biology is in the field of personalized nano-
medicine, which is an offshoot of personalized medi-
cine (defined as a predictive and preventive
approach with an individual patient at its core) that
combines nanotechnology, bioinformatics, and
patient/individual-specific molecular and physiologi-
cal information to achieve the best medical outcome
for a specific individual. Because of their noninva-
siveness, improved half-lives, retention time, and
higher specificity or targeting efficiency causing
fewer side-effects, nano-enabled biomaterials, drug
carriers, and sensor devices are rapidly being imple-
mented in diagnosis and personalized treatments.31

However, successful implementation of personalized
medicine requires a thorough understanding of the
interactions between the nanosurfaces and the bio-
logical surrounding at both individual and broader
population levels. Moreover, as stated earlier, fun-
damental knowledge of what is normal, how devia-
tions from normal at molecular levels (i.e., changes
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in DNA, RNA, proteins, metabolites, and their
interactions at different levels of organizations) lead
to a disease, and how these various processes are
influenced by nanomaterials is important. This
information can be derived using systems biology
tools. For example, individual responses to cues
from the environment are based on the digital codes
of our genome. With the progression in sequencing
methodologies, it is now possible to sequence gen-
omes and transcriptomes of individuals and
families,32 specifically identifying the relevant geno-
mic changes that render an individual susceptible to
disease. Such information may now constitute an
individual’s medical record, leading to: (1) deeper
understanding of the genetic makeup of the individ-
ual; (2) understanding of how an individual might
respond to a specific stimulus or treatment with a
drug; and (3) identification of the individual’s sus-
ceptibility to drug sensitivity or diseases. Such com-
prehensive information linking genetics with
genomic observations, together with the versatility
of nanomaterial applications, can then be employed
to inform individually tailored health care,33 where
nanotechnology and noninvasive nanomedicines can
play a significant role.

THE NEXT CHALLENGES

However important and promising nanotechnology
might be in treating complex diseases such as can-
cer, and revolutionizing the individualized health
care system, the dichotomy of the nanotechnology
and nanotoxicology paradigms must be given
proper considerations. Whereas exposure of living
organisms to specific concentrations of nanomater-
ials leads to adverse outcomes, targeted delivery of
the same nanomaterials loaded with payload to can-
cerous cells can prolong life expectancy for cancer
patients. Thus, there is continuing need for more
research to understand the mechanisms of nanoma-
terial uptake, interaction with the biological moieties
in the surrounding environment, and toxicity, which
can then inform ‘safe by design’ leading to safer
nanomaterials for applications in the medical field.
Although the sheer number of nanomaterials may
be a significant challenge, with systems biology
approaches at its core, it is feasible to build smarter,
more efficient molecular and computational screen-
ing tools to overcome some of the hurdles. How-
ever, systems biology itself must overcome its own
challenges to realize these goals.

As described above, although systems level
approaches are not fully developed at present, the

scientific community can now assess individual parts
of the system very precisely, accurately, rapidly, and
comprehensively. Indeed, high-content omic technol-
ogies are now used to generate terabytes of data
within a single experiment. Assessing and control-
ling the quality and reproducibility of the data, and
organizing and interpreting big data generated by
each of these systems, are the next challenges facing
the systems biology community.34 The scale of the
data generated from each of the parts of the system
is colossal and requires collaboration across disci-
plines for correct synthesis and interpretation
(e.g., biology, toxicology, genomics, bioinformatics,
computer science, and mathematics). The analytical
scale of this task (analyzing and integrating big data
from different components) to understand the biol-
ogy perturbed following exposure to a stimulus or
otherwise is intimidating to say the least. Intelligent
infrastructures for data curation, data mining, visu-
alization, interpretation, and presentation of big
data in individual areas such as genomics, proteom-
ics, and metabolomics have been established. How-
ever, the field presently lacks the infrastructure and
tools that are capable of amalgamating the data
across hierarchical levels such as cells, tissues,
organs, and individuals that is essential to gain the
holistic view required to develop predictive toxicol-
ogy computational systems-level models (the ulti-
mate goal in toxicology).

In conclusion, programmable nanomaterials
offer great promise to the field of medicine. However,
before nanomedicine is routinely integrated into
mainstream therapeutics, a variety of key gaps must
be addressed. Seven areas were identified as critical
priorities in this field by attendees of a workshop
organized by the US Food and Drug Administration
and the Alliance for NanoHealth in 200835 that
remain as priorities to date and include: (1,2) the
development of imaging technologies and determina-
tion of the distribution of nano-vehicles in the body
upon their systemic administration; (3) the biological
affinity of nanodrugs, the pathways by which they
are internalized, retention time, and their ability to
translocate across barriers; (4, 5) the development of
new computational models for predicting the human
health risks of nanomaterial exposures; (6) the estab-
lishment of consensus toxicity testing protocols; and
(7) understanding the unanticipated secondary
effects. While some efforts have been made to
address these priorities over the past decade, the
potential of nanomaterials to cause harm to humans
and the environment remain largely undetermined,
undermining opportunities for regulatory approval
and commercialisation of nanomedicines. As stated
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by Sanhai et al.35 for meaningful and effective trans-
lation into benefits for patients, innovation in this
area must apply the pillars of evidence-based

medicine in parallel with predictive molecular toxi-
cology paradigms that can be built with the aid of
systems biology thinking.

REFERENCES
1. Vance ME, Kuiken T, Vejerano EP, McGinnis SP,

Hochella MF Jr, Rejeski D, Hull MS. Nanotechnology
in the real world: redeveloping the nanomaterial con-
sumer products inventory. Beilstein J Nanotechnol
2015, 6:1769–1780.

2. Riehemann K, Schneider SW, Luger TA, Godin B,
Ferrari M, Fuchs H, Ferrari M. Nanomedicine—
challenge and perspectives. Angew Chem Int Ed 2005,
48:872–897.

3. Friberg S, Nystrom AM. NANOMEDICINE: will it
offer possibilities to overcome multiple drug resistance
in cancer? J Nanobiotechnol 2016, 14:17.

4. Etheridge ML, Campbell SA, Erdman AG, Haynes CL,
Wolf SM, McCullough J. The big picture on nanome-
dicine: the state of investigational and approved nano-
medicine products. Nanomedicine 2013, 9:1–14.

5. Schutz CA, Juillerat-Jeanneret L, Mueller H, Lynch I,
Riediker M, NanoImpactNet Consortium. Therapeutic
nanoparticles in clinics and under clinical evaluation.
Nanomedicine (Lond) 2013, 8:449–467.

6. Allen TM, Cullis PR. Advanced Drug Delivery: Per-
spectives and Prospects. Advanced Drug Delivery
Reviews 2013, 65:36–48.

7. Ferrari M. Cancer nanotechnology: opportunities and
challenges. Nat Rev Cancer 2005, 5:161–171.

8. Zhang XQ, Xu X, Bertrand N, Pridgen E, Swami A,
Farokhzad OC. Interactions of nanomaterials and bio-
logical systems: implications to personalized nanomedi-
cine. Adv Drug Deliv Rev 2012, 64:1363–1384.

9. Chen X, Gambhir SS, Cheon J. Theranostic nanomedi-
cine. Acc Chem Res 2011, 44:841.

10. Schork NJ. Personalized medicine: time for one-person
trials. Nature 2015, 520:609–611.

11. Bek S, Nielsen JV, Bojesen AB, Franke A, Bank S,
Vogel U, Andersen V. Systematic review: genetic bio-
markers associated with anti-TNF treatment response
in inflammatory bowel diseases. Aliment Pharmacol
Ther 2016, 44:554–567.

12. Maynard AD, Warheit DB, Philbert MA. The new tox-
icology of sophisticated materials: nanotoxicology and
beyond. Toxicol Sci 2011, 120(Suppl 1):S109–S129.

13. Nel A, Xia T, Madler L, Li N. Toxic potential of mate-
rials at the nanolevel. Science 2006, 311:622–627.

14. Guadagnini R, Halamoda Kenzaoui B, Walker L,
Pojana G, Magdolenova Z, Bilanicova D, Saunders M,
Juillerat-Jeanneret L, Marcomini A, Huk A,
et al. Toxicity screenings of nanomaterials: challenges

due to interference with assay processes and compo-
nents of classic in vitro tests; no time to lose—high
throughput screening to assess nanomaterial safety.
Nanoscale 2011, 9(Suppl 1):1345–1354; 1360.

15. Hartung T. Food for thought—on alternative methods
for chemical safety testing. Altex 2010, 27:3–14.

16. Ferrari M. The mathematical engines of nanomedicine.
Small 2008, 4:20–25.

17. Choi JY, Ramachandran G, Kandlikar M. The impact
of toxicity testing costs on nanomaterial regulation.
Environ Sci Technol 2009, 43:3030–3034.

18. Damoiseaux R, George S, Li M, Pokhrel S, Ji Z,
France B, Xia T, Suarez E, Rallo R, Madler L,
et al. No time to lose—high throughput screening to
assess nanomaterial safety. Nanoscale 2011,
3:1345–1360.

19. Meng H, Xia T, George S, Nel AE. A predictive toxi-
cological paradigm for the safety assessment of nano-
materials. ACS Nano 2009, 3:1620–1627.

20. National Research Council. Toxicity Testing in the
21st Century: A Vision and a Strategy. Washington,
DC: National Research Council; 2007.

21. Longtin R. An integrated approach: systems biology
seeks order in complexity. J Natl Cancer Inst 2005,
97:476–478.

22. Yan SK, Liu RH, Jin HZ, Liu XR, Ye J, Shan L,
Zhang WD. “Omics” in pharmaceutical research:
overview, applications, challenges, and future perspec-
tives. Chin J Nat Med 2015, 13:3–21.

23. Thomas RS, Philbert MA, Auerbach SS, Wetmore BA,
Devito MJ, Cote I, Rowlands JC, Whelan MP,
Hays SM, Andersen ME, et al. Incorporating new tech-
nologies into toxicity testing and risk assessment: mov-
ing from 21st century vision to a data-driven
framework. Toxicol Sci 2013, 136:4–18.

24. Welch GR, Clegg JS. From protoplasmic theory to cel-
lular systems biology: a 150-year reflection.
Am J Physiol Cell Physiol 2010, 298:C1280–C1290.

25. Wolkenhauer O, Mesarovic M. Feedback dynamics
and cell function: why systems biology is called sys-
tems biology. Mol Biosyst 2005, 1:14–16.

26. Kohl P, Noble D. Systems biology and the virtual
physiological human. Mol Syst Biol 2009, 5:292.

27. Labib S, Williams A, Yauk CL, Nikota JK, Wallin H,
Vogel U, Halappanavar S. Nano-risk Science: applica-
tion of toxicogenomics in an adverse outcome pathway

Opinion wires.wiley.com/nanomed

6 of 7 Volume 10, January/February 2018
© 2017 Her Majesty the Queen in Right of Canada. WIREs Nanomedicine and Nanobiotechnology published by Wiley Periodicals, Inc.



framework for risk assessment of multi-walled carbon
nanotubes. Part Fibre Toxicol 2016, 13:15.

28. Vinken M. The adverse outcome pathway concept: a
pragmatic tool in toxicology. Toxicology 2013,
312:158–165.

29. Lienert F, Lohmueller JJ, Garg A, Silver PA. Synthetic
biology in mammalian cells: next generation research
tools and therapeutics. Nat Rev Mol Cell Biol 2014,
15:95–107.

30. Ruder WC, Lu T, Collins JJ. Synthetic biology moving
into the clinic. Science 2011, 333:1248–1252.

31. Vizirianakis IS, Fatouros DG. Personalized nanomedi-
cine: paving the way to the practical clinical utility of
genomics and nanotechnology advancements. Adv
Drug Deliv Rev 2012, 64:1359–1362.

32. Roach JC, Glusman G, Smit AF, Huff CD, Hubley R,
Shannon PT, Rowen L, Pant KP, Goodman N,
Bamshad M, et al. Analysis of genetic inheritance in a
family quartet by whole-genome sequencing. Science
2010, 328:636–639.

33. Hood L, Balling R, Auffray C. Revolutionizing medi-
cine in the 21st century through systems approaches.
Biotechnol J 2012, 7:992–1001.

34. Walhout AJM, Aebersold R, Meyer T, Bork P,
Kirschner MW. Systems biology: what’s the next chal-
lenge? Cell 2011, 144:837.

35. Sanhai WR, Sakamoto JH, Canady R, Ferrari M.
Seven challenges for nanomedicine. Nat Nanotechnol
2008, 3:242–244.

WIREs Nanomedicine and Nanobiotechnology Systems biology for nanomedicine and nanotoxicology

Volume 10, January/February 2018 7 of 7
© 2017 Her Majesty the Queen in Right of Canada. WIREs Nanomedicine and Nanobiotechnology published by Wiley Periodicals, Inc.


	 Promise and peril in nanomedicine: the challenges and needs for integrated systems biology approaches to define health risk
	NANOMATERIALS AND NANOMEDICINE
	CURRENT ISSUES WITH TOXICITY TESTING OF NANOMATERIALS
	POSSIBLE ALTERNATIVES TO CONVENTIONAL TOXICITY TESTING
	SYSTEMS BIOLOGY APPROACHES FOR NANOTOXICOLOGY AND NANOMEDICINE
	THE NEXT CHALLENGES
	References


