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Editors’ Note

Phillip A. Sharp

Robert Langer

Phillip A. Sharp (NAS/IOM) is Institute Professor in the Department of
Biology and Robert Langer (NAS/NAE/IOM) is David H. Koch Institute
Professor in the Department of Chemical Engineering, both at the
Koch Institute at the Massachusetts Institute of Technology.

The Convergence of Engineering
and the Life Sciences
Two entities converge when advances and time channel them to the same point. This is an appropriate way
to characterize and address converging research in life
sciences and engineering, computation, and physical
sciences.
The story of convergence starts in 1953 when molecular biology originated in the discovery of the structure of
DNA by Watson and Crick (see timeline in Figure 1).
Some consider this event in life sciences equivalent to
Newton’s discovery of the principles of physics 200 years
earlier. The importance of this statement is that molecular investigations of DNA are very recent and full fruition of this breakthrough is likely to unfold for centuries.
The decade following Watson and Crick’s insight
saw the elucidation of the genetic code, the process
of information transfer from DNA to synthesis of protein, and regulation of gene expression. The ability to
synthesize a gene, called genetic engineering, emerged
from many pioneering sources in the 1970s and led
to innovations such as biotechnology, the first major
translation of Watson and Crick’s discovery into societal benefit, yielding both new disease treatments and
the creation of jobs and wealth. Ultimately this ability
to isolate and synthesize genes led to the genomic era
in the 1990s.

Mapping the human genome defined biomedical science at the turn of this century, 50 years after Watson
and Crick’s original report in Nature. The sequencing
of the first genome took 20 years, and today it takes an
hour, if not minutes. This and associated advances in
complex genetics have fundamentally changed understanding of human evolution, cancer, and even mental
disorders.
The “-omics” movement, developing alongside
genomics, sparked, for example, transcriptomics,
sequencing of the RNAs in cells; proteomics, determination of all the proteins in cells; and metabolomics,
characterization of all the metabolites in cells. These
are less precisely defined than the genome as an objective but are dramatically revealing the components of
cells in real time.
A beneficial tangent of genomics is the rapid and
inexpensive sequencing of DNA. Before long, the
sequences of the genomes of plants and microorganisms
and other life forms will reveal an almost unlimited set
of new genes, many with novel functions, the permutations of which will enable new scientific processes, medical treatments, and even fuel sources. As we wrote in
2011, the next challenge in biomedical research will be
to solve problems of highly complex and integrated biological systems (Sharp and Langer 2011). We pointed
out that there is an increasing need to merge disciplines
in different fields to address such problems.
Mapping the genome required a multidisciplinary
approach. Interestingly, the initial proposal for the
project came from the Department of Energy (DOE),
with its expertise in supercomputing and in large direct
projects. The decades-long effort was led by a combination of agencies including the National Institutes of
Health and National Science Foundation in addition
to the DOE.
The collaboration of these agencies is a good example
of the benefits of an integrated approach to the life sciences. Taking advantage of the genomic revolution and
evolving toward an astounding new world of possibility
will also require the convergence of the life sciences with
engineering, computation, and the physical sciences.
Researchers in these fields are ready for the convergence approach. The advances in life sciences over the
past decades challenge the community to create an inte-

The

4

BRIDGE

Convergence timeline
Timeline: The three revolutions

1953: Discovery of
DNA Structure

1976: Biotech sector
emerges with
founding of
Genentech

mid-2000s: Academic
sectors start exploring
convergence

Molecular Biology Revolution
1950

1960

1969: Salvador Luria,
theorist of
molecular biology,
awarded Nobel Prize

1970

1980

2009:
NAS
releases A
New
Biology
report

Genomics Revolution
1990

Convergence
Revolution

2000

2010

2001: Human Genome Project, Celera
publish working draft of human genome

Image and info credits (clockwise from top-left): DNAmazing.com, Gene.com, BioX.stanford.edu, qb3.org, mit.edu/ki, nap.edu, sciencemag.org, nature.com,
nlm.nih.gov

FIGURE 1 Timeline of advances in life science leading to “convergence.” The discovery of the structure of DNA (1953) was followed by establishment of the genetic code and elucidation of role of RNA in the transfer of genetic information from DNA into the
cell. Salvador Luria was the graduate mentor of Jim Watson and, with Max Delbrück and Al Hershey, pioneered molecular biology.
Biotechnology arose in the 1970s with the science of gene synthesis, sequencing, and recombination. This and advances in engineering
and computation provided the technology for the genome era that reported a draft sequence of the human genome in 2001 and the
official sequence in 2003, 50 years from Watson and Crick’s discovery. Genomics is an early example of convergence and stimulated the
establishment of several institutes with this theme (e.g., Koch, Bio-X, qb3, Broad). The 2009 NRC biology report and other documents
mentioned in the text highlight the future societal benefits of “convergence.” Adapted from Sharp et al. (2011).

grated model of cells and multicellular assemblies. For
instance, determining the structure of large complexes
at an atomic scale offers new targets for drugs and additional frontiers in chemical synthesis. This is the case
with the recent discovery of methods to interconvert
differentiated cell states, greatly enhancing the power
of tissue engineering to some day enable the growth of
replacement tissue and even complete organs. Advances at the interface of engineering and life sciences
continue to unfold, including the synthesis of genetic
material on a genomic scale that raises the expectation
of designing cells for specific functions.
Advances in engineering at the nanoscale—dimensions smaller than cells (and on the same scale as many
intracellular complexes)—mean that composites can

be designed to control cells using their normal cell
surface recognition and transport machinery. Similarly, micro- and nanofabrication can create separation
technologies at the dimensions of cellular organelles or
molecular complexes.
The principles of engineering are powerful for modeling, in a quantitative fashion, large amounts of data
and predicting behavior of a system in the absence of
a complete description. This insight is critical for life
sciences since the combinatorial possibilities of interactions of the thousands of cellular components are
too numerous to be fully characterized. In fact, the
impact on life sciences of the development of information technology and storage cannot be overemphasized. Thanks in large part to advances in engineering
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and computational science, it is now possible to store
and analyze data on an unprecedented scale, and this
is changing all aspects of life sciences. For instance,
modern information technology has made it feasible
to analyze and share the enormous datasets needed to
advance systems biology and integrate medical records
with genomic information.
At the most fundamental level, life science is about
the transfer of information between generations and,
within cells, between DNA and other processes. It is
inevitable that the above recent powerful advances will
converge into new integrated approaches for investigation and innovation in the life sciences.
The convergence research model was described as
the “third revolution” in life sciences in a 2011 white
paper by a group of faculty at MIT (Sharp et al. 2011).
Before this a similar theme emerged from a report by the
National Research Council’s Board on Life Sciences,
A New Biology for the 21st Century (NRC 2009). Both
publications made a strong case for the promise of this
integration and suggested steps that would be important
in making it a reality. There are related reports from the
National Academies (NRC 2011) as well as at least two
ongoing efforts, one from NSF regarding the convergence of knowledge, technology, and society (Roco et
al. 2013) and a forthcoming NRC workshop report on
key challenges in the implementation of convergence.
These efforts have not gone unnoticed; the president’s
Brain Research through Advancing Innovative Neurotechnologies (BRAIN) Initiative, led by the National
Institutes of Health and Office of Science and Technology Policy, is a strong example of convergence in action.
Convergence continues to accelerate and, with that
in mind, the Bridge asked us to edit an issue on this
exciting area. Because convergence depends on the
integration of life sciences and engineering, most of the
articles in the following pages are coauthored by engineers and scientists.
Sarah Petrosko, Catherine Fromen, Evelyn Auyeung,
Joe DeSimone, and Chad Mirkin provide an excellent
summary of nanotechnology, focusing on two representative examples: spherical nucleic acids (SNAs), which
were created in the Mirkin laboratory, and the PRINT
(particle replication in nonwetting templates) manufacturing approach pioneered in the DeSimone laboratory.
The authors examine novel diagnostic and therapeutic approaches of SNAs, and then explain the PRINT
approach, which involves the creation of nanoparticles
of virtually any shape for a variety of applications. The
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authors also cover challenges in nanomaterials and
present an outlook for their future.
Arup Chakraborty and Mark Davis consider the sentinel of human health, the immune system. They outline a blueprint for a convergence of approaches from
science, engineering, and clinical medicine to produce
vaccines against highly mutating pathogens, therapies
for autoimmune diseases and cancer, and ways to predict disease states. Progress toward these goals includes
(1) the convergence of high-performance computing,
physical theory, high-throughput sequencing, and clinical research to define virus vulnerabilities and human
immune repertoires and to rationally engineer vaccines against scourges such as HIV; and (2) the use of
novel instruments and nanoparticles for monitoring
the human immune system to predict disease onset and
learn how to manipulate it in order to design therapies.
Doug Lauffenburger and Kathy Giacomini explain
the nexus of systems biology and systems pharmacology. As they point out, both require understanding
of how complex biological entities function, and this
knowledge results from integrating multiple molecular and cell-level components and properties through
computational modeling to generate hypotheses and
predictions. They explore examples of whole organ phenotyping methods and molecular mechanisms of drug
interactions.
Cato Laurencin, George Daley, and Roshan James
discuss regenerative engineering, focusing on the role
of materials and novel approaches to control cell fate.
They describe the scaffold (which is materials based), the
cells (which are biology based), stem cell–biomaterial
interactions, and the control of cell behavior by both
genetic and materials manipulation. They elucidate the
effects of the chemical choice of the materials on which
the cells grow as well as the physical architecture of the
surface, which provides spatial cues.
Stephen Quake surveys the area of microfabrication and its role in medicine, discussing advances in
the development of microelectromechanical systems
(MEMS), lithography, microcontact printing, and
microfluidics. He also describes the application of
microfluidics, in particular, to areas such as protein crystallography, cell and tissue culture, single-cell genomic
analysis, bioanalytic chemistry, and nanoliter-scale synthetic chemistry.
In the final article, Jay Keasling and Craig Venter
examine the new field of synthetic biology, which they
define as the application of engineering principles and
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designs to biology. They review progress in health, such
as the creation of new pharmaceuticals; progress in producing new fuels, such as the creation of advanced biofuels from sugar and algae; the formation of engineered
bio-based chemicals; food and feed applications; and
terrestrial crops. They also consider ethical, legal, and
social implications of synthetic biology.
To our knowledge, this issue of the Bridge is the first
time scientists and engineers have collaborated as
coauthors in a series of articles in a single volume on
convergence. We hope these articles will be helpful in
educating scientists, engineers, policymakers, and the
public on this very important “third revolution.”
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advances in nanotechnology have had an extraordinary
impact specifically on the medical field, enabling some
of the most meaningful developments in diagnostics,
imaging, and therapeutics.
Nanotechnology represents a “third wave” of
advancement in medical science. The first wave was
initiated 60 years ago by Watson and Crick’s seminal
discovery of the DNA structure (Watson and Crick
1953), which led to a paradigm shift in understanding
of cell biology. The second originated with the birth of
the field of genomics, which led to unparalleled insight
into disease origins and drug response. The third wave
of nanotechnology-based advances in medical understanding has been spurred by the rapid development
of sophisticated new nanomaterials and processes that
provide significant capabilities as compared to conventional approaches. In addition, the field has created a
renaissance in analytical tool development that has
enhanced the way researchers and physicians can study,
track, and treat disease.
Medical breakthroughs using nanotechnology are
made possible by the length scales of many biological systems. Nanomaterials, structures having at least
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one dimension less than 100 nm, are the ideal size to
efficiently interact with biological structures, and they
can act as scaffolds for the attachment and organization of a variety of biomolecules into useful architectures. Using robust synthetic methods, researchers can
engineer nanoconstruct platforms on demand and thus
create entities that offer multifunctionality essential
for biological function and control in specific medical
applications. This paradigm has been central to many of
the most successful nanotechnology-based innovations.
In this article we highlight selected materials and tools
that straddle engineering and medicine. Many of these
originated from basic benchtop research at the university level and, in a short period of time, have been the
catalyst for the establishment of successful startup companies with products and systems that have received, or
are trying to obtain, US Food and Drug Administration
(FDA) approval. Hundreds of nanotechnology-based
technologies and products have emerged via this developmental pathway (Etheridge et al. 2013). We do not
discuss each of these top innovations in depth; instead,
we refer the reader to our timeline (Figure 1) and the
associated list of resources at the end of this article. As

FIGURE 1 Record of total (upper left) and annual (right axis) journal citations on nano-related subjects, and timeline of enabling
tools and breakthrough materials for biology and medicine in the landscape of nanotechnology. Number of journal citations based on
Web of Science (ISI) search with keywords as indicated. AFM = atomic force microscopy; PRINT = particle replication in nonwetting
templates; STM = scanning tunneling microscopy.
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representative examples, we describe one breakthrough
material—spherical nucleic acids (SNAs)—and one
enabling tool—particle replication in nonwetting templates (PRINT).
SNAs: A Breakthrough Material

SNAs are a highly programmable platform material that
typically consist of a nanoparticle core and a densely
packed, highly oriented nucleic acid (DNA or RNA)
shell. Different types of SNAs can be synthetically engineered by changing the composition and size of the core
or the length, sequence, and type of nucleic acid used in
a modular fashion; multifunctional versions can be created by using different cores or nucleic acid materials in
a single structure, and coreless, hollow SNAs as well as
nucleic acid–modified nanostructures with nonspherical cores can also be synthesized.
SNAs are one of the most impressive examples of
the power and importance of nanotechnology. Just as
fullerenes revealed that the arrangement of carbon
atoms on the nanometer scale has profound influences on the properties of carbon-based materials, SNAs
have shown that arrangement on the nanoscale of perhaps the most important molecules ever synthesized by
chemists—DNA and RNA—can dramatically influence the properties of the nucleic acid. Indeed, with the
novel three-dimensional arrangement of nucleic acids
on their surface, individual SNAs bind single-stranded
DNA (ssDNA) approximately 100 times more tightly
than free linear ssDNA of the same sequence and, due
to their cooperative melting profiles, can be used to discriminate single-base mismatches in diagnostic schemes
(Rosi and Mirkin 2005).
Although cell walls are almost impenetrable to linear nucleic acids, SNAs have the extraordinary ability
to enter cells of almost any type (>50 cell lines demonstrated to date) in high quantities without the use of
toxic transfection agents. Once inside cells, the SNAs
are not degraded and do not trigger a significant immune
response. These properties allow researchers to use
SNAs to carry large payloads of nucleic acids into cells
without secondary transfection agents, and are therefore
the basis for many intracellular detection and gene regulation strategies (Choi et al. 2013; Cutler et al. 2012).
SNA-based extracellular or intracellular diagnostic
and therapeutic schemes offer solutions to many of the
pitfalls of currently used technologies, often providing
more sensitive, selective, and efficacious alternatives.
Colorimetric, electrical, fluorescent, and scanometric
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diagnostic assays have been developed based on different types of SNAs. The SNAs have been used to create high-sensitivity screening tools and amplification
schemes for many types of analytes, including small
molecules, proteins, and metal ions.

SNAs are one of the most
impressive examples of the
power and importance of
nanotechnology.
The scanometric assay, which uses an SNA with a
gold nanoparticle core as both a labeling entity and
an amplification agent, has opened the door for lowcost, point-of-care, and massively multiplexed DNA
and RNA detection. It is the basis for the first commercialized nanotechnology-based molecular medical
diagnostic platform, the Verigene System™ (Nanosphere, Inc., Northbrook, IL), which is now sold in over
20 countries. Because the technique does not require
polymerase chain reaction (PCR) or other enzymatic
amplification schemes, it enables simultaneous detection of many targets in a single sample, proteins and
nucleic acids on one platform, and many targets below
the titer level required by conventional diagnostic systems. In addition to being useful as a medical screening
tool, it has helped identify new molecular markers for
Alzheimer’s disease, HIV, cardiovascular disease, and
prostate cancer.
SNAs are also the basis for SmartFlares™ (EMD
Millipore, Billerica, MA), the only known structures that can naturally enter cells and, when coupled with imaging tools or flow cytometers, yield a
measure of genetic content in live cells. SmartFlares
consist of gold nanoparticle-based SNAs with short
fluorophore-labeled oligonucleotides hybridized to
them; the gold quenches their fluorescence. When the
SmartFlare enters a cell and binds to a target messenger RNA (mRNA) sequence of interest, it releases the
fluorophore-labeled sequence, turning on fluorescence
that can be detected by confocal microscopy and flow
cytometry (Seferos et al. 2007). There are now over 500
different types of SmartFlares commercially available,
and they provide the only way to sort live cells based on
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genetic content. They are being used to study mRNA
expression as a function of disease, to identify circulating tumor or stem cells, and as high-throughput labels
for pharmaceutical screening.
Finally, SNAs have proven to be powerful singleentity gene regulation platforms in antisense and RNA
interference (RNAi) pathways that may be used to treat
any disease with a genetic basis. Because they do not
require polymeric delivery agents and can cross therapeutically formidable biological barriers such as the
stratum corneum and the blood-brain barrier, they are
candidates for many promising new therapeutics. In an
academic setting, they have proven effective for the
treatment of brain cancers and skin disorders in small
animals, and these studies have paved the way for clinical human trials, which are currently under way.

PRINT technology
highlights the increasing
influence of engineering in
nanotechnology.
PRINT: An Enabling Tool

Particle replication in nonwetting templates, or PRINT,
was inspired by advances in polymer chemistry and traditional lithographic techniques from the microelectronics
industry. It was developed as a platform nano-molding
technology to fabricate rationally designed, highly uniform nanoparticles (Rolland et al. 2005).
The creation of “calibration-quality” nanoparticles
requires independent control over geometry and composition, and PRINT molds, fabricated using soft-lithography techniques, result in a uniform array of cavities with
well-defined features, ranging in size from ~20 nm to tens
of microns. These molds can be filled with the material
that will ultimately constitute the nanoparticle, which
is then “solidified” in the cavities. The solidification
process is dependent on the material being molded and
includes vitrification (e.g., production of glassy materials such as copolymers of lactic acid and glycolic acid),
crystallization, and gelation (formation of cross-linked
hydrogel particles). Newly formed particles are easily
liberated from the PRINT mold, yielding monodisperse
replicates of the geometry defined in the mold features.

PRINT technology highlights the increasing influence of engineering in nanotechnology, especially
when considering the numerous design features
required for navigating biological barriers. PRINT
enables the fabrication of a diverse range of particle
geometries, including rods of varying aspect ratio and
shapes inspired through biomimicry (e.g., filamentous
particles, pathogen mimics, and pollen spore mimics),
and is compatible with a wide range of relevant materials, including small molecule active pharmaceutical
ingredients (APIs), protein biologics, small interfering
RNA (siRNA), and both hydrophilic and hydrophobic
polymers. The ability to control composition also conveys the ability to fine-tune particle deformability, degradation, surface chemistry, and cargo release through
the use of elastomers, targeting and stealthing ligands,
or acid- or enzymatically degradable materials (Garcia
et al. 2012).
With so many knobs to turn using PRINT’s toolbox,
physical and chemical features of nanoparticles can be
independently isolated and investigated to develop particle designs for a given application. Engineering tools
like these create opportunities to develop new materials
through a creative lens. As an example, PRINT particles have been fabricated to mimic the physical dimensions of bacteria to produce more efficacious vaccines.
Through such efforts with PRINT and other nanoparticle technologies, engineering is making sizable contributions to the growing body of nanomedicine research
tasked with optimizing nanoparticle designs.
PRINT also illustrates the opportunities for manufacturing and scale-up in nanotechnology. In its infancy,
PRINT was performed using molds created from the
surface area of a single silicon wafer. Liquidia Technologies (Durham, NC), founded in 2004, has successfully
converted the PRINT platform into a scalable, roll-toroll process.1 Furthermore, the technology is intrinsically dry and has minimal batch-to-batch variability,
which contributed to its Current Good Manufacturing Practice (cGMP) designation. This designation is
a landmark classification for any nanomanufacturing
technique and enabled Liquidia to bring its first product, a seasonal influenza vaccine based on PRINT particles, to clinical trials. As in many other examples of
enabling nanotechnology tools, engineering ingenuity
fostered this scale-up.
1 Joe

DeSimone is the founder of Liquidia Technologies and scientific advisor on the company’s management team.
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Processes that address both manufacturing and regulatory hurdles will be increasingly important to bring
technologies from inception to product development.
Reinforcing the notion of a technology’s manufacturability as key to its sustainability, a new spray-assisted,
layer-by-layer coating technology developed at MIT
was recently combined with the PRINT technology to
quickly mass-produce tailored nanoparticles specially
coated for specific applications in medicines and electronics, among other areas (Morton et al. 2013). This
example highlights both the options for new combinations of existing technologies and the influence of manufacturing on nanotechnology successes.
Other Promising Possibilities

Nanotechnology continues to promise a sustained wave
of advancement that will affect many different areas of
medical science (Figure 2). As an example, one promising area lies at the interface of the human immune
system and nanoscience. Nanoparticles interact differently with immune-specific cells than small molecules,
offering unique opportunities to modulate immune
responses. This has a very powerful implication in nanomedicine: inert particles can be programmed to stimulate the immune system and recognize and eliminate
cancer cells or to produce protective antibodies against
an infectious disease. In addition, nanomedicines capa-

FIGURE 2 Future opportunities for nanomedicine. SiRNA =
small interfering RNA; theranostics = dual delivery in a single
particle of both a therapeutic and a diagnostic element.
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ble of immunomodulation could be designed to retrain
the immune system as a way to treat autoimmune diseases, such as multiple sclerosis and diabetes.
As nanoparticles in general become more advanced,
many routes of administration (e.g., inhalation, nasal,
dermal, and oral) will be leveraged to deliver them to
specific sites in the body. Most clinical applications
have been designed for intravenous administration, but
different routes of administration will enable nanoparticle access to new tissue sites; promising preclinical
data in pulmonary and ocular nanoparticle delivery are
already emerging (Araújo et al. 2009; Mansour et al.
2009). Given the many administration alternatives,
nanomedicine has just begun to scratch the surface of
potential applications.
To realize these ambitious goals, considerable efforts
from engineers, chemists, material scientists, biologists,
pharmacologists, physicians, entrepreneurs, and regulators will be required to converge on a similar set of
objectives. Indeed, a widespread call to unify these disciplines and rise to the challenge is under way.
Technical Challenges in Nanomaterials

SNA nanostructures and those fabricated via PRINT
are engineered structures that can be made with a high
level of control in a well-defined manner. For this and
many other reasons, both technologies have advanced
quickly from promising benchtop research to drivers of
new and exciting areas in the medical field.
But the nanomedicine development road is not
paved solely with success stories. As in other fields,
many advances showed early signs of success but, in
the long run, met major impediments. For example,
early attempts to use cadmium-based quantum dots
and fullerenes in biological systems were derailed, in
part because of concerns regarding toxicity. Lipoplexes
are another important class of nanomaterials that show
promise for drug delivery applications, especially with
respect to gene regulation therapies. But the utility
of such materials thus far has been severely limited,
in part because of poor biodistribution profiles, and
so they have been restricted to a relatively narrow set
of diseases.
A primary limitation in this field has been the inability to engineer nanomaterials in such a way that one can
control properties, dispersion, and manufacturability.
Too many nanomaterial systems studied in the context
of biology and medicine suffer from major challenges to
polydispersity and scale-up and the inability to engineer
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them so that they can reproducibly offer advantages
over conventional molecule-based approaches.
Although one can easily synthesize kilogram quantities of a single molecule where every molecule is identical, in most traditional cases of nanoparticle fabrication
it is impossible to make large quantities where any two
particles are identical. For instance, in the late 1980s
and early 1990s, the discovery of new carbon nanostructures, with their incredible physical, chemical,
electrical, and optical properties, led many researchers to project revolutionary advances for entire industries, including aspects of medicine. Carbon nanotube
(CNT) technologies promised advances when used
as inert drug delivery vehicles, contrast agents, and
heat sources for photothermal treatments. However,
in practice, synthesis and fabrication challenges made
it difficult to create monodisperse samples of uniform
length and structure, and heavy metal impurities and
irregularities in tube structure were linked to toxicity
(Lacerda et al. 2006).

Nanomedicine successes
depend on significant
engineering influence tied
to manufacturability.
At present, there are no CNT-based therapies or diagnostic tools approved or cleared for in vivo medical use
and their application in these settings remains controversial. But one CNT-based technology has made progress that is worth noting: an x-ray emission source has
advanced to clinical trials for enhanced imaging. It has
achieved such success because of the ability to engineer
and manufacture macroscopic arrays of CNTs, illustrating our premise that technical success will depend on
the ability to address fabrication challenges.
Economic and Other Challenges

Although engineering approaches to scientific study are
guiding nanotechnology toward success, future breakthrough materials and enabling tools will still face significant hurdles to their implementation.
Considerable economic obstacles must be overcome.
The successful commercialization of a nanomedicinebased therapy requires substantial financial resources,

and securing such funding, particularly in the United
States, is daunting. The United States is poorly organized in comparison to several countries in Asia in this
regard, including China, Singapore, and South Korea,
which are investing heavily in science and, in particular, nanotechnology (Bai 2005).
Furthermore, large pharmaceutical companies have
been slow to embrace nanotechnology-based products
and have left many of the initial studies to startup companies. Taking on such studies burdens these fledgling
companies and saddles them with a large amount of risk.
Another very different obstacle involves the general
public’s perception of nanotechnology (Scheufele et al.
2008). In general, scientists and engineers, including
those in nanomedicine, have failed to accurately and
successfully communicate results to a lay audience and
to follow through on promised potential technological
outcomes.
These obstacles should not be alarming, but rather a
call to action. As future efforts converge on solid clinical goals and progress accelerates, nanomedicine as a
field would be smart to lead the charge toward improving public communication and accessibility by making
better use of abundant media resources. Furthermore,
a sustained commitment from federal agencies must
accompany nanomedicine development to further grow
this new sector of the economy.
Outlook

The fusion of design approaches inherent to engineering
with advances in nanotechnology has led to fundamental learning and the development of new technologies
that extend well beyond the examples discussed here.
Early successes and failures reveal a recurring theme:
nanomedicine successes exist only with significant
engineering influence intrinsically tied to manufacturability. Universal acknowledgment of this concept
will further solidify the relationship between these two
fields, and the marriage of engineering and medicine
through nanotechnology will continue to strengthen
and inspire advances (Sharp and Langer 2011). The
field is still young, but the promise of multifunctional
“smart” nanotechnologies remains bright.
Nanotechnology will continue to create bridges
between the engineering and medical fields for years to
come, and new breakthrough nanomaterials and enabling
tools will be the result of such collaborations. With each
new success, we envision that the link between these
fields will become stronger and more enduring.
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Categorized Resources and Citations

This list complements the events illustrated in Figure 1.
Enabling Tools

Scanning Tunneling Microscopy (STM)
Key publication: Binnig G, Rohrer H, Gerber C, Weibel
E. 1982. Tunneling through a controllable vacuum gap.
Applied Physics Letters 40(2):178–180.
1986 Nobel Prize awarded to Binnig and Rohrer.
Image available online at http://en.wikipedia.org/wiki/
Image:Atomic_resolution_Au100.JPG.

Atomic Force Microscopy (AFM)
Key publication: Binnig G, Quate CF. 1986. Atomic force
microscope. Physical Review Letters 56(9):930–933.
1988 Park Scientific Instruments (now Park Systems) founded; 1989 first AFM commercially available.
Image available online at www.xintek.com/images/afm_2.jpg.

Cell Sorting
1989 Miltenyi Biotec founded to commercialize micro and
nano magnetic beads.
1974 First fluorescent-activated sorting (FACS) developed.
Image available online at www.abcam.com/ps/CMS/Images/
FACS%20live%20cells1.jpg.

Cell Differentiation
Key publication: Pittenger MF, Mackay AM, Beck SC,
Jaiswal RK, Douglas R, Mosca JD, Moorman MA,
Simonetti DW, Craig S, Marshak DR. 1999. Multilineage
potential of adult human mesenchymal stem cells. Science
284(5411):143–147.
Image available online at www.systembio.com/images/graphic_diffReport1.gif.

Dip Pen Nanolithography/Molecular Printing
Key publication: Piner RD, Zhu J, Xu F, Hong S, Mirkin
CA. 1999. “Dip-pen” nanolithography. Science
283(5402):661–663.
Review: Senaratne W, Andruzzi L, Ober CK. 2005. Selfassembled monolayers and polymer brushes in biotechnology: Current applications and future perspectives.
Biomacromolecules 6(5):2427–2448.
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2002 NanoInk Inc. founded.
Images available online at www.nanoink.com.

Imprinting (PRINT)
Key publication: Rolland JP, Maynor BW, Euliss LE, Exner
AE, Denison GM, DeSimone JM. 2005. Direct fabrication and harvesting of monodisperse shape-specific nanobiomaterials. Journal of the American Chemical Society
127(28):10097–10100.
Review: Perry JL, Herlihy KP, Napier ME, DeSimone JM.
2011. PRINT: A novel platform toward shape and size
specific nanoparticle theranostics. Accounts of Chemical
Research 44:990–998.
2004 Liquidia Technologies Founded.
Images available online at www.liquidia.com.

Nano-Flares
Key publication: Seferos DS, Gilohann DA, Hill HD,
Prigodich AE, Mirkin CA. 2007. Nano-flares: Probes for
transfection and mRNA detection in living cells. Journal
of the American Chemical Society 129(50):15477–15479.
Image reproduced with permission from Seferos et al. (2007).
Additional images available online at www.millipore.com.

High-throughput Biochemical Assays
Reviews:
Cunningham BT, Laing LG. 2008. Advantages and application of label-free detetection assays in drug screening.
Expert Opinion on Drug Discovery 3(8):891–901.
Fang Y. 2006. Label-free cell-based assays with optical biosensors in drug discovery. Assay and Drug Development Technologies 4(5):583–595.
2011 SAMDI Tech, Inc. founded.
Images available online at www.samdi.com.

Representative Nanostructures

Colloidal Gold
Key publication: Faraday M. 1857. The Bakerian Lecture:
Experimental relations of gold (and other metals) to light.
Philosophical Transactions of the Royal Society of London
147:145–181.
Image available online at www.rsc.org/ej/FD/2008/b800086g/
b800086g-f6.gif.

Quantum Dots
Key publication: Ekimov AI, Onushchenko AA. 1981. Quantum size effects in three-dimensional microscopic semiconductor crystals. Journal of Experimental and Theoretical
Physics Letters 34(6):345–349.

Review: Bruchez M Jr, Moronne M, Gin P, Weiss S, Alivisatos
AP. 1998. Semiconductor nanocrystals as fluorescent biological labels. Science 281(5385):2013–2016.
Image available online at www.kurzweilai.net/images/Quantum_dots_glowing.jpg.

Fullerenes
Key publication: Kroto HW, Heath JR, O’Brien SC, Curl
RF, Smalley RE. 1985. C60: Buckminsterfullerene. Nature
318(14):162–163.
Image available online at http://nanotechnologyuniverse.
com/wp-content/uploads/2011/10/buckyball.jpg.

Carbon Nanotubes
Key publication: Iijama S. 1991. Helical microtubules of graphitic carbon. Nature 354(6348):56–58.
Review: Lacerda L, Bianco A, Prato M, Kostarelos K. 2006.
Carbon nanotubes as nanomedicines: From toxicology to pharmacology. Advanced Drug Delivery Reviews
58(14):1460–1470.
Image available online at www.physics.ox.ac.uk/nanotech/
research/nanotubes/nanotube.jpg.

Breakthrough Materials

SNAs
Key publication: Mirkin CA, Letsinger RL, Mucic RC,
Storhoff JJ. 1996. A DNA-based method for rationally
assembling nanoparticles in macroscopic materials. Nature
382:607–609.
Review: Cutler JI, Auyeung E, Mirkin CA. 2012. Spherical
nucleic acids. Journal of the American Chemical Society
134(3):1376–1391.
2000 Nanosphere founded; 2009 AuraSense; 2011 AuraSense
Therapeutics.
Image reprinted with permission from Cutler et al. (2012).
Additional images available online at www.nanosphere.us
and www.aurasensetherapeutics.com.

Quantum Dot Bioconjugates
1998 Quantum Dot Corporation founded; 2002 Qdots commercially available; 2005 Life Technologies acquires Qdot
technology.
Reference available online at www.lbl.gov/tt/success_stories/
articles/quantumdots.html.
Images available online at www.invitrogen.com/.

Nanoshells
2002 Nanospectra Biosciences, Inc. founded.
Review: Lai S, Clare SE, Halas NJ. 2008. Nanoshell-enabled
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photothermal cancer therapy: Impending clinical impact.
Accounts of Chemical Research 41(12):1842–1851.
Images available online at www.ahc.umn.edu/consortlv/
AR11/img/silica-particles.jpg and www.nanospectra.com/.

RNA Particles
2008 First clinical trials by Calando Pharmaceuticals.
Reviews:
Davis ME, Chen Z. 2008. Nanoparticle therapeutics: An
emerging treatment modality for cancer. Nature Reviews
7:771–782.
Davis ME. 2009. The first targeted delivery of siRNA in
humans via a self-assembling cyclodexterin polymer-based
nanoparticle: From concept to clinic. Molecular Pharmaceutics 6(3):659–668.
2005 Calando Pharmaceuticals founded (now a majorityowned subsidiary of Arrowhead Research Corporation);
2006 Cerulean Pharmaceuticals founded.
Image reprinted with permission from Davis (2009). Additional images available online at www.calandopharma.com
and ceruleanrx.com.

Polymeric Particles
Reviews:
Torchillin VP. 2006. Multifunctional nanocarriers. Advanced
Drug Delivery Reviews 58(14):1532–1555.
Pridgen EM, Langer R, Farokhzad OC. 2007. Biodegradable,
polymeric nanoparticle delivery systems for cancer therapy.
Nanomedicine 2(5):669–680.
1995 Doxil® first nanodrug approved by FDA.
2007 Bind Therapeutics founded.
Images available online at www.bindtherapeutics.com.

Metallic Particles
Review: Seil JT, Webster TJ. 2012. Antimicrobial applications of nanotechnology: Methods and literature. International Journal of Nanomedicine 7:2767–2781.
2008 I-Flow Corp. acquires AcryMed (2004 SilvaGard™
product developed).
2001 NUCRYST Pharmaceuticals and Smith & Nephew
develop Acticoat™ (1998 SILCRYST™ developed).
2006 T2 Biosystems, Inc. founded; 1997 MagForce AG
founded.
Images available online at www.acrymed.com/medical.html
and www.t2biosystems.com.

Collaborative efforts are needed among engineers, scientists,
and clinicians to progress toward harnessing the immune
system to combat pathogens and diseases. Only then can the
systematic design of immunomodulating vaccines and therapies
become like the design of aircraft and microelectronics today.

Understanding and Harnessing the
Immune System for the Rational
Design of Therapies and Vaccines
Arup K. Chakraborty and
Mark M. Davis

The immune system provides protection from infectious pathogens, and its
Arup K. Chakraborty

aberrant regulation is implicated in several diseases. Vaccination, one of the
greatest triumphs of modern medicine, is evidence that the immune system
can be harnessed and manipulated to improve the human condition. But
doing this in a systematic way to address major health challenges requires a
comprehensive understanding of human immune responses of both healthy
and ill persons to evolving pathogens and diseases. We assert that achieving
this goal will require creative approaches at the convergence of the life and
physical sciences, engineering, and clinical practice and research.
The Immune System as Sentinel of Human Health

Humans are constantly exposed to infectious pathogens and cancer cells
routinely emerge. Yet most people are rarely sick, thanks to the protection
provided by the immune system.
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But the human immune system is not infallible. Some
pathogens can defeat it, resulting in pandemics. For
example, the human immunodeficiency virus (HIV),
the causative agent of AIDS, has not been cleared by
any known person’s immune system and over 30 million people have succumbed to it. The immune system
can also mistakenly attack the host body’s own tissues
or organs, leading to autoimmune diseases such as lupus
and multiple sclerosis, which afflict increasing numbers
of people in developed nations.
The desire to combat infectious and autoimmune
diseases and the corresponding drive to decipher the
complex basic science puzzles presented by the immune
system have led to a great deal of experimental research
aimed at understanding how the immune system functions. Some spectacular discoveries have been made,
resulting in a basic understanding of the key parts of the
immune system (sketched in simplified form in Figure 1).
The Innate and Adaptive Immune Systems

The human immune system can roughly be partitioned
into two inextricably linked parts called the innate and
adaptive immune systems. The innate immune system
is the first line of defense; its components eliminate
pathogens in a crudely specific manner by recognizing
common molecular signatures on the surface of many
pathogens, which are distinct from host molecules.
Although this system is efficient, many bacteria and
viruses have evolved strategies to evade the innate
immune response, enabling them to establish infection.
Now the adaptive immune system gets in the game.
Consider what happens upon infection with a virus:
the virus hijacks the transcriptional machinery of the
infected host cell, enabling synthesis of its own proteins
and assembly of new virus particles.
B cells play an important role in adaptive immune
responses. Each B cell has its own distinct surface receptor, the B cell receptor (BCR). If a BCR can bind sufficiently strongly to spikes on the surface of a virus, a
complex set of intracellular biochemical reactions may
trigger genes that “activate” the B cell. Activated B cells
proliferate and form intricate structures called germinal
centers (GCs), where evolution occurs in short order.
Mutations are introduced into the BCR genes of the
proliferating B cells. The mutated cells compete to bind
to virus particles (on the surface of cells in the GC)
and higher-affinity variants (i.e., those that bind more
strongly) are selected. Many rounds of this process,
called affinity maturation, ensue. Thus, B cells that bind

FIGURE 1 A schematic and simplified depiction of the main
components of the adaptive immune system (see accompanying
text for description).

strongly to this virus develop. Soluble forms of their
BCR, called antibodies (Abs), are then secreted. Abs
bind to the spikes on the virus and eliminate it using
various components of the innate immune system.
Today, protein engineers mimic affinity maturation
in vitro to engineer Abs and enzymes, which then perform functions like catalysis and therapy in an optimal
fashion. Antibodies are commonly used as therapies for
diverse diseases like cancers, with sales of over $44 billion in 2011.
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Antibodies can only attack viruses that are in the
blood or extracellular spaces, not infected cells and the
pathogens they harbor. Some viral proteins are processed by an intricate mechanism inside infected cells
and cut up into short peptide fragments, which are displayed on the surface of infected cells, bound to large
cell surface proteins called major histocompatibility
complex (MHC) molecules. Cells of the innate immune
system (e.g., dendritic cells) engulf pathogens and display peptide-MHC (pMHC) complexes, molecular
signatures of infection that are recognized by T cells,
which are also key players in adaptive immunity. It is
difficult for pathogens to hide important parts of their
anatomy from T cells, since their molecules are chopped
up into such small pieces.

The principles that determine
the emergence of a systemic
immune or autoimmune
response remain elusive.
As with the B cells, humans have many clones of
T cells, each with a specific receptor on its surface
called a T cell receptor (TCR). If a TCR binds sufficiently strongly to pMHC presented by a particular
virus, biochemical reactions similar to those in B cells
occur, resulting in T cell activation. The activated
T cells proliferate but, unlike the B cells, do not mutate
their TCR.
There are two major types of T cells. One is the
cytotoxic T lymphocyte (CTL); if an activated CTL
encounters an infected cell displaying the same peptide
that activated its TCR, it secretes products that kill the
infected cell. The other kind of T cell, the T helper cell,
plays a key role in the affinity maturation of B cells and
the activation of CTLs.
When an infection is cleared by the immune system,
most of the B and T cells that proliferated in response
to the particular virus die, but a few remain as longlived “memory” cells that can mount robust and rapid
responses upon reinfection with the same pathogen. This
memory is the basis of vaccination: a vaccine induces
pathogen-specific immune responses, which then lie
“ready and waiting” to prevent or abort infection.
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While the network of interacting cells shown in Figure 1 is complex, the immune system is actually considerably more complicated, with many more cell types,
diverse secreted products of immune cells influencing
the function of others, and intricate processes that occur
during the development of B and T cells, which train
the immune repertoire to not be rampantly autoreactive.
Progress, Goals, and Challenges in Understanding
the Immune System

Despite major advances over the past 50 years in understanding of adaptive immunity (summarized in Figure 1),
the principles that determine the emergence of a systemic immune or autoimmune response remain elusive.
A major barrier to the quest for mechanistic principles is that the processes underlying a systemic immune
response involve cooperative dynamic events, with
many participating components that must act in concert. Moreover, these collective processes span a spectrum of scales—a myriad of proteins inside a single cell
must act in precise collective ways to initiate gene transcription events that result in activation, many types
of cells must act cooperatively in tissues, and of course
there is the scale of the entire organism. This hierarchy of cooperative processes, with feedback between
the scales, often makes it difficult to intuit underlying
mechanisms from a few experimental observations. Further confounding intuition is that many of these processes are inherently stochastic in character.
New technologies and approaches, with immunologists working closely with engineers, physicists, and
computational scientists, are beginning to describe this
complex system using cell lines and mice as model animals. Due to space constraints, we mention only a few
examples where such efforts have recently been fruitful
in basic immunology.
Video microscopy, two-photon microscopy, 3D electron microscopy (EM) tomography, photoactivated
localization microscopy (PALM), and stochastic optical
reconstruction microscopy (STORM) have yielded vivid
images of immunological processes and new mechanistic
understanding (Grakoui et al. 1999; Halin et al. 2005;
Lillemeier et al. 2010). Methods developed by engineers
and physicists are beginning to provide detailed information about how cell-cell interactions occur across
2-dimensional interfaces to initiate key biochemical
reactions (Huang et al. 2010; Huppa et al. 2010). Methods to assay single cells are revealing the heterogeneity of
responses generated with the same stimulus (Han et al.
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2012). Computational methods have been coupled with
experiments to shed light on the role of mechanistic
features in biochemical signaling reactions that mediate
important phenomena in immune cells (Altan-Bonnet
and Germain 2005; Das et al. 2009), the development
of immune repertoires (Košmrlj et al. 2010), and hostpathogen dynamics (Ho et al. 1995). These advances
are very important, but it is not yet possible to achieve
clinically important goals such as
(1)		the rational design of vaccines and therapies for
autoimmune diseases and cancer, and
(2)		the ability to predict disease states and guide clinical decisions based on monitoring the immune
response.
The study of small animal models and cell lines has
revealed some of the mechanisms and parts involved in
the function of key modules of the immune system (and
these often carry over to humans). However, achieving
the goals above will require determining how the systemic immune response develops and how it interacts
with new and evolving pathogens and disease states.
This, in turn, necessitates an understanding both of
the complex processes that underlie a systemic immune
response in humans and of the ways pathogens and cancers evolve to circumvent natural or vaccine-/therapyinduced responses.
Importantly, humans exhibit considerable genetic
diversity (their “genotype”) in their immune system
as well as different histories of infections and resulting
states of immunological memory. In contrast, inbred
mice—the major experimental model for immunology—
are genetically homogeneous and kept in ultraclean
housing. How genetic factors and history of infections
influence systemic immune responses to new and evolving pathogens and disease states is poorly understood
and presents unique challenges in experimental design,
technology development, and computational studies.
The Triumph and Challenges of Vaccines

Following the seminal work by Jenner, Pasteur, and others, vaccination eradicated smallpox in 1977, thus ending a scourge that had afflicted humans since ancient
times. It is close to doing the same for polio, and is substantially reducing mortality and severe illness, especially in young children and the elderly. A vaccine-induced
immune response protects the host against infection by
a specific pathogen (e.g., influenza, yellow fever, measles, smallpox) so effectively that often a person does
not even notice reinfection.

19

But vaccine development today uses roughly the
same paradigm and methodology developed by Pasteur
in the 1870s, which is to grow a particular pathogen in
culture such that it loses its virulence and inject humans
with this product to induce memory immune responses
against the pathogen. This was developed purely empirically and without any knowledge of the immune system.
In the early 1900s, a second innovation, an adjuvant,
which generally stimulates components of the innate
immune system, was added to some vaccines. How
adjuvants work and how they should be chosen remains
poorly understood, resulting in many failures.
Thus, although vaccination has been a great success,
important challenges remain. Broadly effective vaccines
do not exist for serious diseases such as HIV, hepatitis
C virus (HCV), malaria, and tuberculosis (TB). Even
for influenza, vaccines that can target all strains are not
available, which means that every year a new vaccine is
formulated and manufactured based on educated guesses
about what strains will be prevalent. The guesses are not
always correct.

Two important goals are the
rational design of vaccines
and therapies and the ability
to predict diseases and guide
treatment decisions.
Blueprint for Rational Design of a New
Generation of Vaccines

Systematic design—like the design of a bridge or an
aircraft—of successful vaccines and immunotherapies
against diverse pathogens and diseases is not possible
in the absence of adequate information about how
systemic human immune (or autoimmune) responses
develop and interact with evolving pathogens. A comprehensive blueprint showing how the immune system
functions would enable the determination of design
principles that could be used to engineer such therapies and vaccines. Creation of this knowledge, and the
optimal deployment of resulting strategies, will require
intensive research that brings together approaches from
science, engineering, and clinical medicine.
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We imagine a future where vaccine development
will become a systematic scientific and engineering discipline that harnesses deep knowledge of the immune
system. Achieving this goal will require major advances
in a spectrum of activities, which we call the three Ds
of vaccine development: discovery, design, and delivery.
Discovery

Why does standard vaccination not work for some
pathogens? HIV, the causative agent of AIDS, vividly
illustrates the answer. HIV is a rapidly mutating virus.
The diversity of circulating strains of influenza in the
entire world in 1996 is comparable to the diversity of
HIV strains in a single chronically infected patient,
and is completely dwarfed by the diversity of strains in
a single region of Africa. This extremely high mutability presents a severe challenge for vaccination because
it enables HIV to evade vaccine-induced immune
responses specific for a particular strain. Moreover, HIV
targets and eventually kills helper T cells, important
orchestrators of the immune response.

Vaccination efforts are
challenged by infectious
diseases that are unusually
mutable and can disable or
evade the immune system.
Other diseases also resist vaccination. HCV has a
very high mutation rate and some less defined ability
to disable critical immune functions. Malaria and sleeping sickness exhibit a variant of the mutation strategy,
expressing interchangeable surface proteins. TB also
mutates fairly rapidly, and encapsulates itself in cysts
that are resistant to immune attack. So vaccination
efforts are challenged by a category of infectious diseases
that are unusually mutable and have developed ways to
disable or evade the immune system.
The rational design of vaccines against such pathogens requires the development of systematic ways to
define the mutational vulnerabilities of pathogens
and the diversity of human immune responses (which
depend on people’s genotype). Vaccine design can be
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guided by learning how effective immune responses develop upon vaccination and then focusing the
responses to target the pathogen’s mutational vulnerabilities in diverse people. The knowledge required to
achieve this goal is currently missing, but recent studies suggest that it can be obtained through multidisciplinary research approaches, as described below.
Discovery of Mutational Vulnerabilities of Pathogens
For highly mutable pathogens (e.g., viruses), the goal is
for immune responses to target residues (or regions) of
their proteins, or proteome, so that mutations result in
an unviable pathogen (the pathogen is then cornered
between being killed by the immune response or making mutations that cripple it). It is difficult to determine
mutational vulnerabilities by simply searching for residues
in viral proteins that exhibit a low frequency of mutation,
because the fitness costs incurred by making a primary
mutation that evades the immune response can be compensated by other mutations due to synergistic effects.
What is required is knowledge of the replicative fitness of mutant strains bearing multiple mutations. This
information can be represented as a fitness “landscape”
(Figure 2A), which defines mutational vulnerabilities
of pathogens and identifies potent immune responses
against them. Such responses should target multiple residues in a virus’s proteins, where strains with mutations
at these residues correspond to “valleys” in the fitness
landscape due to the deleterious effects of simultaneous mutations on viability. Thus, the immune response
would push the virus from one of the fitness “hills” into
an adjacent fitness valley. Knowledge of the fitness
landscape also enables the design of immune responses
that can block the “mountain passes” that pathogens
must traverse by mutation in going from one hill (when
it is subject to immune attack) to an adjacent one.
One way to determine the viral fitness landscape is
to systematically create mutant strains using modern
molecular biology techniques and measure the viability
of each strain in vitro. Regression algorithms can then
be used to fit these experimental data. But it is difficult to imagine how the sequence space of viruses could
be comprehensively sampled in this way. For example,
consider a single viral protein made up of 500 residues;
even if each residue could mutate to just one other amino acid, the number of possible mutant strains would
equal 2500 (~10150), an astronomical number!
Information about how mutations affect the prevalence of circulating viruses is contained in the sequences

FALL 2013

21

FIGURE 2 (A) Cartoon schematic of a viral fitness landscape and (B) comparison between the computationally inferred landscape
for an HIV protein against in vitro experiments. (A) The replicative fitness of a viral strain is a function of its amino acid sequence.
This information can be visualized as a topographical map where the amino acid sequence specifies a location on the landscape and the
height of the landscape prescribes viral fitness. For visualization purposes, this cartoon pertains to a virus consisting of only two residues;
for multiresidue viral proteins, the fitness landscape is traced out in higher dimensions. The broken line indicates a hypothetical highfitness mutational escape pathway from the global fitness maximum to a nearby local maximum. Such landscapes have been inferred
from sequence data for HIV proteins using methods rooted in statistical physics (Ferguson et al. 2013). (B) The metric of predicted
fitness is a quantity called E. The theory predicts that the difference between the value of E for a mutant strain and the wild-type strain
(abscissa) should correlate negatively with the fitness of the mutant divided by the fitness of the wild-type strain (ordinate). The graph
shows a comparison between predictions (line) and de novo measurements of the in vitro fitness of HIV mutant strains (circles).

of viral proteins derived from viruses extracted from
diverse patients. But the information is influenced by
statistical noise, the patients’ immune responses, and
virus phylogeny. Recently, it has been suggested that for
several HIV proteins these effects can be deconvoluted
to translate sequence data into fitness landscapes by
combining computational methods rooted in statistical
mechanics (e.g., spin glass models and random matrix
theory) with sequence data, in vitro experiments, and
data on infected patients (Dahirel et al. 2011; Ferguson
et al. 2013). The results are very encouraging (e.g., Figure 2B). The cost of sequencing and computation are
going down dramatically, and thus this approach offers
the possibility of defining fitness landscapes of highly
mutable pathogens (and cancers) in order to facilitate
rational design of vaccines and therapies.
But many challenges remain. Chief among them are
the needs for
• high-throughput sequencing of pathogen samples
extracted from patients of diverse genotypes;
• improved computational methods that combine
machine learning algorithms and statistical mechanics to translate sequence data to fitness landscapes;
and

• development and maintenance of patient cohorts at
various stages of disease so pathogen evolution and
host-pathogen dynamics can be followed.
Discovery of Effective Immune Responses in
Healthy, Vaccinated, and Diseased Humans
The mutational vulnerabilities of pathogens can be
exploited only if immune responses in humans can be
directed against them by vaccination. This will require
major cross-disciplinary efforts aimed at defining how
systemic immune responses develop and determining
which regions of a pathogen’s proteome can be specifically targeted by human Abs and T cells (i.e., their
specificities).
One technique involves monitoring the human
immune response upon vaccination to discover how
potent systemic immune responses emerge. This is a
“systems biology” approach, as it measures a wide range
of parameters in vaccinated human subjects to gauge
how the different components of the system react and
which correlate with each other positively or negatively
(Davis 2008).
Pulendran, Sékaly, and colleagues pioneered this area
in their separate analyses of the yellow fever vaccine, one
of the most successful vaccines ever developed. These
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studies identified a number of early events in innate
immune pathways and T cell responses that correlated
with better outcomes (Gaucher et al. 2008; Querec et
al. 2009). A similar study for influenza also found that
strong innate immune activation correlates with a robust
Ab response (Nakaya et al. 2011).
In another “first of its kind” study, many immune
parameters were measured in many humans prior to
vaccination, and statistical methods and gene modules were used to predict which persons would mount
effective or ineffective Ab responses—with slightly
better than 80 percent accuracy (Furman et al. 2013).
These studies have involved close collaborations among
immunologists, clinicians, technologists, biostatisticians, and bioinformaticians, and appear highly promising in characterizing how vaccination may induce
effective responses.

New computational and
experimental tools must be
deployed in concert with
a deep knowledge of
basic immunology.
Such research must be coupled with efforts to define
possible Ab and T cell repertoires in humans with different genotypes because this is the menu of specificities available for attacking mutational vulnerabilities of
pathogens. The variety of circulating Abs in a person is
determined by many factors: the kinds of BCRs originally generated, the history of infections that induced
affinity maturation, and the types of mutated BCR proteins generated by affinity maturation that can fold into
functional receptors. Knowledge of how these processes
shape the Ab repertoire, and how they can be manipulated by vaccination protocols to induce new potent
Abs, is grossly incomplete. High-throughput sequencing of Ab repertoires of healthy, diseased, vaccinated,
and aging humans of diverse genotypes is necessary.
Quake and coworkers have developed high-throughput sequencers that enabled them to sequence every
antibody in a number of zebrafish, and the data were
analyzed using sophisticated theoretical methods (Jiang

et al. 2011; Mora et al. 2010; Weinstein et al. 2009; also
see Quake 2013, in this issue). Their studies suggest that
correlations between amino acid substitutions at different residue positions greatly limit sequence diversity,
and that the repertoire can be clustered into groups of
related Abs that are often shared between fishes. Efforts
are under way to obtain this type of information for
humans in various states of health and disease (Jiang
et al. 2013).
Similar studies for T cells are also critically important, especially because T cell repertoires are much more
likely to be dependent on genotypes, as human MHC
genes are highly polymorphic. A recent methodological
breakthrough may offer a solution to high-throughput
sequencing of MHC genes (Wang et al. 2012). A recent
study shows that humans with certain MHC genotypes
are more likely to have T cell repertoires that help protect them from mutable pathogens but also make them
more prone to autoimmunity (Košmrlj et al. 2010).
Another study in humans indicates that autoreactive
T cells and memory cells specific for pathogens that the
individual has never encountered are more frequent
than previously thought (Su et al. 2013).
These studies are just the tip of the iceberg. Many
cross-disciplinary efforts are needed, particularly in the
following areas:
• New instrumentation. Many of the technologies used
to monitor human clinical samples are decades old;
for example, the cost of sequencing has dropped precipitously, but 1960s technology is still widely used to
isolate white blood cells.
• Novel software. The immune system involves many
cells, molecules, and mechanisms, with hundreds or
thousands of moving parts. Software (using machine
learning algorithms) is needed to learn the phenomenological behavior revealed by the data.
• New research approaches. Determination of the correlates of T cell protection faces many difficult technical challenges with currently known approaches.
• High-throughput, single-cell sequencing. This will
define the range of Ab and T cell repertoires in
humans.
Design

Knowledge of the range of possible immune responses
and pathogenic fitness landscapes, combined with
monitoring of systemic immune responses in humans,
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will begin to provide a detailed picture of host-pathogen
riposte and how one might manipulate it. Such manipulation will entail matching up vulnerable regions of the
pathogen with the range of immune responses possible
in humans of diverse genotypes. The active component
of the vaccine, the immunogen, can then be designed
to induce responses that target the vulnerable regions.
But important challenges need to be addressed to make
this a reality:
• The immunogen must be designed such that affinity
maturation produces Abs that target different strains
of the same mutable pathogen. Such a design will
likely depend on collaboration among protein engineers, theorists, immunologists, and clinicians.
• If whole proteins of the pathogen are used as the
immunogen, in people with many genotypes (MHCs)
it may be easier to display peptides from regions of the
proteome where mutations do not incur a large fitness cost. Thus, the pathogen will evade the vaccineinduced T cell response. So only short regions of the
virus containing mutationally vulnerable regions that
can also be exhibited by diverse individuals in a population need to be used as an immunogen. Knowledge
of how the genotype affects the display of peptides is
incomplete.
Delivery

Novel immunogens, such as those composed of short
sections of pathogenic proteins, often do not result in
strong responses. But a number of sophisticated methods are emerging to address this challenge.
Chemistry and materials science–based approaches
to immunomodulation have the potential to greatly
enhance the safety and efficacy of immunotherapies and
vaccines (Kwong et al. 2013; Stephan et al. 2010). One
such method is nanoparticle delivery of immunomodulators, which can block systemic toxicity and coordinate
the action of potent immunomodulatory drugs and biologics. Vaccines based on synthetic nanoparticles have
been shown to enhance innate and adaptive immune
responses, and synthetic polymer scaffolds induce coordinated steps in the recruitment, activation, and antigen loading of dendritic cells to prime unprecedented
antitumor immunity in small animal models. These
engineered changes in vaccine delivery have been
shown to result in responses that are unachievable with
existing adjuvants. However, these approaches have yet
to be translated for human use.
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Finally, we note that, because of the challenge of
manufacturing GMP-grade biologic materials, it takes
roughly two years for a vaccine candidate that has
passed all preclinical tests to proceed to the start of a
human trial. Engineered synthetic carriers of vaccines
such as nanoparticles may shorten this time—and the
associated cost—dramatically.
Leveraging Vaccine Development Efforts to Monitor
Human Health and Develop Therapies

Work done to make vaccine development systematic
could also be used to develop metrics of immune health,
which currently do not exist. The immune system is relevant not just to infectious diseases and autoimmunity
but also cardiovascular and neurological diseases, and
other areas are recognized almost every day. Thus there
is a critical need for a simple test of immune functionality that can predict disease states and indicate interventions before a medical condition becomes serious.
Knowledge gained from monitoring immune responses
to vaccination could be leveraged toward this end. One
example is juvenile diabetes, whose incidence is rapidly
rising; while it can be controlled by insulin injection,
the disease has serious long-term health problems for
many. There is already evidence that circulating autoantibodies predict disease years before insulin-producing cells are destroyed, but knowledge is limited. This is
a situation where a comprehensive systems approach to
sift through every aspect of the immune system would
have great clinical impact (Davis 2008).
Progress through Convergence

The research efforts outlined above require a convergence of disciplines. New experimental probes and
reagents are required, which engineers, physicists, and
chemists can develop. Computational efforts, particularly those rooted in statistical physics, information
theory, and machine learning, are needed to make
sense of large datasets and unearth the mechanisms of
the stochastic, cooperative, and multiscale processes
that underlie these observations. New computational
and experimental tools must be deployed in concert
with a deep knowledge of basic immunology. Finally,
and importantly, a new convergence-based paradigm
(Figure 3) can become a reality only if there is a tight
coupling of research efforts with a knowledge of pathogenesis and therapeutic possibilities possessed by clinicians and clinician-scientists. No single laboratory in
academia or industry can master this complex array of
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FIGURE 3 Clinical observations converge with approaches from basic immunology, engineering, and computation to create new
mechanistic hypotheses that can be tested to determine how the systemic immune response develops against evolving pathogens and
disease states and thus inform therapeutic treatments.

skills at the frontier of human knowledge to carry out
such a paradigm of research and development. Collaborative efforts are needed among engineers, scientists,
and clinicians in order to progress toward harnessing
the immune system to combat pathogens and diseases.
Only then can the systematic design of immunomodulating vaccines and therapies become like the design
of aircraft and microelectronics today. In addition to
vaccines and therapeutics, new commercial products
will make immune system monitoring devices routinely
available in the clinic. The established “silos” that currently define scientific endeavor, funding models, and
the reward system are hard to break down, but success
depends on integrated and collaborative interdisciplinary efforts.
If research succeeds in achieving the goals described,
human health care will be well advanced.
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The intellectual approach of engineers is especially
suitable for advancing the understanding and utility
of biology.

Systems Biology and
Systems Pharmacology
Douglas A. Lauffenburger and
Kathleen M. Giacomini

Definitions of systems biology are as broad ranging as the field itself. An
early offering was from the Institute for Systems Biology:
Douglas A. Lauffenburger

Systems biology does not investigate individual genes or proteins one at a time,
as has been the highly successful mode of biology for the past 30 years. Rather,
it investigates the behavior and relationships of all the elements in a particular
biological system while it is functioning. (Ideker et al. 2001)

The National Institute of General Medical Sciences offered a different
perspective:
Systems biology seeks to predict the quantitative behavior of an in vivo biological process under realistic perturbation, where the quantitative treatment
derives its power from explicit inclusion of the process components, their interactions, and local states. (Anderson 2003)

Kathleen M. Giacomini

These two definitions, perhaps representing extreme ends of a conceptual spectrum, focus on aspiration for genomewide comprehension on the
Douglas A. Lauffenburger (NAE) is Ford Professor of Biological Engineering, Chemical
Engineering, and Biology and Head of the Department of Biological Engineering at
the Massachusetts Institute of Biology. Kathleen M. Giacomini (IOM) is Professor and
Chair of the Department of Bioengineering and Therapeutic Sciences at the University
of California, San Francisco.
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FIGURE 1 Illustration of the three dimensions of complexity in biological science. Reproduced from Lauffenburger (2012) with permission from the Royal Society of Chemistry.

one hand and quantitative prediction on the other, and
the two are not readily coincident. A central unifying
concept, emphasized in two academic endeavors at MIT
(http://csbi.mit.edu/overview/index.html) and Harvard
Medical School (https://sysbio.med.harvard.edu/), calls
for understanding how complex biological entities
function by integrating quantitative information about
multiple molecular- and cellular-level components and
properties via computational modeling in order to generate hypotheses, predictions, and insights.
Systems Biology

The Role of Integration: Horizontal, Vertical, and
Dynamic

The notion of integration as central to bioscience
and bioengineering is set forth in the 2009 National
Research Council report A New Biology for the 21st Century (NRC 2009). But there are multiple dimensions of
integration along which the analysis of biological systems must be pursued, as illustrated in Figure 1 (Lauffenburger 2012).
One axis represents horizontal integration, moving
from the study of individual components (e.g., a single
molecule) to that of multiple components (in principle,
up to the full genomewide complement). This axis is

1 “-Omic”

refers to a highly multicomponent perspective on biology; e.g., “genomics” for the concomitant study of many genes,
“proteomics” for the study of many proteins, “metabolomics” for
the study of many metabolites, and so forth.

manifested in -omic biology.1
A second axis represents vertical integration (often
associated with physiology, whether mammalian or
microbial), moving from the study of system operation
(i.e., phenotype, essentially), in the simplest contexts
and at the smallest space and time scales, to more complex contexts involving larger space and/or time scales.
In the mammalian realm, this integration may feature
studies of cell-level behavior dependence on molecular
properties, tissue- or organ-level behavior dependence
on cell properties, organism-level behavior dependence
on tissue/organ properties, and population-level behavior dependence on organism properties; analogies exist
in the microbial realm as well. Integrating across more
than one of these spatiotemporal scale interfaces is an
overarching goal, and experimental studies of this kind
coupled with computational modeling yield the swiftly
growing field of multiscale modeling.
A third axis represents dynamic integration, characterized by the depth or intensity of information addressed
in measurement and modeling efforts to understand
complex molecular “machines” or “circuits” at the
deepest scale. This axis moves from sequence and structure at the most basic degrees, through thermodynamic
information, to kinetic and transport information, to
comprehensive dynamical systems operation. It thus
spans bioinformatics, biochemistry, and biophysics.
The definitions associated with these three axes may
help explain the emergence of systems biology at the
fore of bioscience and bioengineering, as they incorporate extensive and quantitative multicomponent
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identification and measurement at molecular and cellular levels.
The Roles of Genomic Biology and Engineering

Technologies for identifying particular molecular constituents of biological entities (e.g., gene cloning and
monoclonal antibodies) can be traced to the molecular
biology revolution of the 1970s–1980s. These molecular technologies fostered quantitation as well as identification and, with later developments such as RNA
interference, also enabled fairly specific manipulation
of constituents.
But the capacity to measure or manipulate molecular constituents in a highly multicomponent, or “highthroughput,” manner largely arose from the genomic
biology revolution starting in the late 1980s and accelerating into this century. This revolution was launched by
the human genome sequencing effort, which attracted
an unprecedented avalanche of financial and intellectual resources and stimulated the application of physics, chemistry, mathematics, and engineering to build
instruments and algorithms to address the challenge.
In addition to producing high-throughput DNA
sequencing machines and generating sequence data that
enabled new approaches to cataloguing other molecular constituents, the sequencing of the human genome
broke down perceived technical and intellectual barriers between basic biological science and the other disciplines noted above. The technical facet was perhaps
less of a barrier, because it can be argued that physics,
chemistry, mathematics, and engineering have regularly
played key roles in aiding the work of biologists. More

Engineering is particularly
effective when there is
incomplete knowledge
about complex systems.
unconventional is the emergence of new thinking about
biology that incorporates the other disciplines, especially engineering.
The traditional engineering disciplines—civil,
mechanical, and electrical engineering, based on various branches of physics; and chemical and materials

engineering, based on branches of chemistry—build
on science to make useful things for society. They are
effective especially when there is incomplete knowledge about complex systems that must be analyzed in
terms of the quantitative properties of their mechanistic
constituents to enable predictive synthesis. Biology is
now at a stage where useful things can be made from
its mechanistic constituents (molecules, cells), but
there remains a vast realm of incomplete knowledge
about its full complement of constituents and about the
properties and principles that explain their dynamic
operation. The intellectual approach of engineers is
singularly suitable for advancing the understanding and
utility of biology.
Correspondingly, together with the development of
research and education programs in systems biology
during the past decade, a new kind of bioengineering
discipline has emerged in molecular/cellular bioscience.
It embraces bioscience’s full -omics complexity, extending beyond the classical medical engineering field of
traditional physics- and chemistry-based engineering
disciplines in support of clinical medicine applications
(Ideker et al. 2006).
Systems Pharmacology

Systems pharmacology, a cousin of systems biology, is
poised to make major contributions to drug discovery
and to the understanding of pharmacological mechanisms. The genomic biology revolution has promised
“personalized” or “precision” medicine, but how to translate this notional breakthrough into practical patient
treatment is a serious challenge (Giacomini et al. 2012).
Systems pharmacology seeks to integrate drug discovery
with biological systems to increase the potential to discover effective medications with few side effects.
Systems Approaches toward Improving Drug
Discovery

Drug discovery has typically taken a highly reductionist
approach, generally beginning with target identification
and validation in isolated cell systems or genetically
engineered mice. After target validation, candidate
drugs that modulate the target are discovered, usually
through high-throughput screening methods in cellbased assays. Unfortunately, this molecular approach to
drug discovery ignores the biological system and leads
to unanticipated effects of the candidate drugs upon
in vivo administration, including lack of efficacy and
myriad toxicities.
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The successful use of systems pharmacology in drug
discovery requires the development of new technologies and approaches, including computational methods.
For example, whole-organism phenotyping techniques
in zebrafish are being developed and applied to the discovery of new drugs with fewer side effects (Laggner
et al. 2011; Macrae 2013; Peterson and Macrae 2012).
Moreover, coupled with computational analysis
(Roguev et al. 2013; Shoichet 2013), whole-organism
methods can also be used to determine likely biological
targets and pathways.
Multivariate computational modeling and quantitative experiment can, in fact, reveal promising targets
that would not be readily ascertained from genetic mutations or variations. For example, a kinetic mass action
model for multipathway signaling network dynamics in
the ErbB receptor/ligand system was constructed across
diverse tumor cell types to gauge critical parametric
sensitivity with respect to molecular properties, and the
ErbB3 receptor was identified as especially useful to target although it is not generally overexpressed or mutated
(Schoeberl et al. 2009). This prediction has been validated and is being pursued in clinical trials for a variety
of cancer applications (McDonagh et al. 2012).
An especially exciting prospect is the use of systems
analysis approaches in vivo to reveal molecular and
cellular processes involved in pathophysiology and
response to intervention. Quantitative measurement
of intracellular signal activities, extracellular cyto- and
chemokines, and immune cell types in mouse model
tissue under diverse perturbation conditions, integrated
via multivariate computational regression analysis, has
enabled the elucidation of complex mechanisms governing intestinal inflammation and the successful prediction of effects of kinase inhibitors and antibodies in
vivo (Lau et al. 2012).
The concept of biomarkers offering indication of drug
effects is similarly moving to become multivariate (Prat
et al. 2011), although reliance on pure “signatures”
remains fraught with uncertainty when not substantively connected to underlying mechanism. This is especially problematic with signatures at the transcriptomic
level (Venet et al. 2011). But mechanistic understanding of complex -omic signatures is possible through
computational integration of heterogeneous data—i.e.,
measurements at multiple levels of cellular regulation
(e.g., proteomic, phosphoproteomic, metabolomic,
epigenomic, transcriptomic) (Huang et al. 2013; Miller
et al. 2013; Miraldi et al. 2013; Winter et al. 2012).
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Development of a capability for linking gene sequence
information to molecular pathway consequences would
be of great value, given the increasing ease of garnering
sequence data (Yee et al. 2013).
Systems Approaches for Understanding
Pharmacologic Mechanism

Knowledge of pharmacologic mechanism includes
understanding the molecular mechanisms of drug interactions with their targets as well as the pathways and
network that lead to whole-organism drug response
phenotypes.
For the past two decades, the field of pharmacology
has been dominated by molecular pharmacology, which
has focused largely on target identification. This focus
has led to many discoveries of pharmacologically important targets, including the identification of the entire G
protein–coupled reactor (GPCR) family, the discovery
of druggable kinases, and the characterization of many

The use of systems analysis
approaches in vivo can
elucidate molecular and
cellular processes.
other families such as the cytochrome P450s (CYPs),
major drug-metabolizing enzymes, and the adenosine
triphosphate (ATP) binding cassette (ABC) superfamily of efflux pumps that restrict drug access to target tissues and tumors.
But although molecular pharmacology has enjoyed
many triumphs, it has provided an inadequate understanding of the in vivo pharmacological behavior of
small molecules. These molecules interact with multiple targets, which in turn perturb various pathways
and networks, leading to a cascade of events that result
in the pharmacological—and toxicological—action of
drugs. Methods to identify the multiple targets and the
affected pathways and networks are needed to enhance
knowledge of the pharmacological mechanisms that
mediate therapeutic drug response.
Computational methods that use ligand similarities
to determine which receptors interact with identical
ligands have recently been developed (Lin et al. 2013;

The

BRIDGE

30

Lounkine et al. 2012). These “ligand similarity maps”
can be used to predict off-target effects of drugs and to
discover receptors that, in addition to the known target,
are modulated by the drug in vivo.
Other powerful techniques reveal important information about pharmacologic mechanism. For instance,
identification of molecular signatures of drugs sheds
light on pharmacologic mechanisms, including those
of drug combinations, at a systems level (Lee et
al. 2012).
Multiple types of data and technology platforms can
be integrated to determine drugs’ molecular signatures,
which can then be categorized and used to predict and

A major goal of systems
pharmacology is to
understand and predict
drug toxicities.
understand drug responses (Pritchard et al. 2013). Similar integrative experimental and/or computational multivariate approaches are likewise promising for immune
system therapeutic interventions such as vaccines
(Katze 2013) and infectious disease antibiotics (Roemer
and Boone 2013).
Systems Approaches for Addressing Adverse Drug
Effects

It has been estimated that each year about 100,000
deaths in the United States occur because of serious
adverse drug reactions (Giacomini et al. 2007). In fact,
many drugs are withdrawn from the market because of
such reactions. Therefore a major goal of systems pharmacology is to understand and predict drug toxicities,
which often occur because of off-target effects of drugs.
A paradigmatic study used ligand similarity maps to
predict such effects of various drugs (Keiser 2007). As
one example, the anti-emetic agent motilium was withdrawn from the market because of adverse events related
to cardiac arrest–mediated sudden death. Drug interactions with dopamine receptors were thought to contribute to the cardiac events, and subsequent experiments
showed that motilium interacted with these receptors at
unusually high affinities.

As another example, increase in heart rate upon
withdrawal from selective serotonin reuptake inhibitor
antidepressants was predicted to be related to rebound
tachycardia, a known effect of withdrawal of betaadrenergic blocking agents such as propranolol. Indeed,
the antidepressant agents fluoxetine and paroxetine
were shown to interact with beta-adrenergic receptors
at concentrations achieved clinically.
Collectively, such studies suggest important, but previously unknown, off-targets that explain drugs’ adverse
effects.
But significant issues remain. A 2011 National Institutes of Health (NIH) white paper on systems pharmacology described a crisis in drug discovery and pharmacology
and called for “Systems pharmacology [that] applies…
systems biology methods combining large-scale experimental studies with model-based computational analysis, to study drug activity, targets and effects with the aim
of understanding the system as a whole, rather than the
behavior of its individual parts” (QSP Workshop Group
2011). Clearly, further development and application of
systems biology are needed to address problems in drug
discovery and to enhance understanding of pharmacologic and toxicologic mechanisms.
Regulatory Challenges

Regulatory science is an emerging research area that
will benefit enormously from systems pharmacology
approaches. For example, the regulatory path forward
for the development of combination drugs, a potential
product of systems pharmacology approaches to drug discovery, has been a matter of concern among drug developers. A primary focus of past drug approvals has been
single drugs rather than drug combinations. For the latter, the US Food and Drug Administration (FDA) has
focused chiefly on fixed-dose combinations, wherein
each component must have demonstrated therapeutic
effect. The development of combination therapies thus
required lengthy and costly clinical trials.
To address these concerns, update practices, and
facilitate the development of novel drug combinations,
FDA issued a guidance that offers some flexibility to
sponsors seeking to codevelop two or more novel agents
together in a single program (FDA 2010). The guidance notes the possibility of waiving the requirement
that each compound undergo a clinical trial alone and
then in combination, particularly in cases where multiple monotherapy trials would not be possible. The
guidance also provides advice on data types that would
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provide support for the effects of individual drugs in the
combination.
Such forward thinking will enhance the implementation of systems pharmacology approaches to drug discovery, development, and regulatory sciences (Iyengar
et al. 2012). The capacity to predict adverse drug-drug
interactions from computational integration of heterogeneous datasets likewise promises an important benefit for clinical pharmacology and regulatory sciences
(Tatonetti et al. 2012).
Cell- and Tissue-Level Systems Medicine

Although this article has focused primarily on applications of systems biology to molecular medicine,
comment on relevance to cell- and tissue-based therapeutics is germane. A substantial number of scientists
and engineers have pursued technologies in this field,
but they have been hampered by the same problems
as in molecular therapeutics in terms of inadequate
understanding of fundamental principles for predictive
design—in fact, even more so because of the greater
complexity of the biological system involved in a higher level of organization.
For example, great excitement exists about the
promise of stem cell technologies for disease treatment,
whether by tissue replacement/regeneration or by facilitation of in vitro experimental models for molecular
pharmacology/toxicology studies (Griffith and Naughton 2002; Soldatow et al. 2013). The central problem in
stem cell technologies is the difficulty of reliable, reproducible generation of well-characterized differentiated
cell types; it remains a largely trial-and-error pursuit
because of insufficient understanding of stem cell fate
regulation, even as the toolkit of molecular techniques
for manipulating cell fate continues to expand (Wörsdörfer et al. 2013).
Information about the programming of stem cells, or
the reprogramming of somatic cells for the production
of stem cells via control of gene expression, is continuing to accumulate. This gene expression–level control,
however, needs to be connected to proteomic signaling
networks that are generally responsible for transducing
tissue-level contextual conditions (e.g., the growth factors, cytokines, and extracellular matrix components
present in the cell surroundings) into cell behaviors,
including cell fate decisions (Buganim et al. 2013;
Cosgrove et al. 2009; Mazzoni et al. 2011). Systemsoriented approaches—which integrate quantitative
multivariate experimental measurement across differ-
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ent cellular control levels (e.g., gene expression, protein
signaling pathways) via computational modeling—are
amenable to stem cell studies in a manner analogous to
those described above for molecular therapeutics (Prudhomme et al. 2004).
Because cell fate decisions are strongly influenced by
microenvironmental conditions, the most powerful such
studies generally involve high-throughput modulation
of biomaterials in a fashion that enables characterization of cell phenotypic behavior and associated intracellular and extracellular molecular activities (Onishi et al.
2012; Roccio et al. 2012). How to accomplish this highthroughput environmental modulation while providing
the most physiologically realistic and relevant context,
which typically requires three-dimensional constructs
involving fluid flow and mechanical deformations, is a
challenge for bioengineering technology (Griffith and
Swartz 2006). Indeed, an unusual partnership among
US government agencies—the Defense Advanced
Research Projects Agency (DARPA), FDA, and NIH—
to learn how to establish and use “microphysiological
systems” has recently been created to address this challenge, with the explicit goal of enabling more effective
therapeutics research.2 This endeavor is pioneering an
important new avenue of integration, that of systems
biology (and pharmacology/toxicology) with cell-based
tissue engineering (Cosgrove et al. 2008).
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Cells can be a fundamental building block of regenerative
strategies, and novel means of manipulating stem cells
using biomaterials and factors will be essential to realizing
the bold long-term goals of limb and organ regeneration.

Regenerative Engineering
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Since time immemorial literature and art have depicted the desire to

recreate or regenerate human life or to transplant parts from one individual
to another. An early example is the Fra Angelico painting Healing of Justinian, which showed the transplantation in the third century AD of an allograft
limb onto an injured soldier.
More recently, elements of this vision have been captured and defined as
tissue engineering, the use of isolated cells or cell substitutes, tissue-inducing
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substances, and cells placed on or in matrices (Langer
and Vacanti 1993). Tissue engineering has rapidly progressed in the past 25–30 years to revolutionize treatment strategies and define new approaches in tissue
repair. This new frontier, enabling the reconstruction
of complex tissues and whole organs, requires the combination of top-down engineering approaches with bottom-up strategies that integrate materials science and
tissue engineering with stem cell and developmental
biology (Laurencin and Khan 2012).
Regenerative engineering takes tissue engineering
a step further, integrating it with advanced materials
science, stem cell science, and areas of developmental
biology. Whereas tissue engineering involves interdisciplinary teams from the fields of engineering, science,
and medicine, we see regenerative engineering as an
expansion of this approach—a “convergence” (Sharp
and Langer 2011) of tissue engineering with nanotechnology, stem cells, and developmental biology (Reichert
et al. 2011). Our hope is that this new interdisciplinary
synthesis will usher in transformative opportunities for
advancing human health.
Materials of Tissue Engineering

The Scaffold

Virtually all cells in the human body (apart from circulating blood cells) are anchorage-dependent and
reside in a scaffold-like structure called the extracellular
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matrix (ECM). There exist numerous types of ECM in
human tissues, each with several unique components,
but they all provide (1) structural support and a physical environment for cells to reside (attach, migrate,
and grow) and (2) structural integrity to the tissue
and mechanical properties associated with tissue function (e.g., elasticity in tendon tissues, high rigidity for
bone). The ECM sequesters bioactive molecules and
sends cues to the cells to modulate cellular functions. It
is a highly dynamic microenvironment that undergoes
active remodeling by cells in response to developmental, physiological, and pathological challenges during
morphogenesis, homeostasis, and wound healing (James
et al. 2011b).
The best architecture for guided tissue regeneration is
a structure or scaffold that mimics the ECM of the target tissue in its native state (Figure 1). The complexity
and dynamic nature of the native ECM are difficult to
duplicate, requiring the development of new materials
and structures that copy the ECM in bioactivity and
mechanical properties.
To be effective, an engineered scaffold for tissue
regeneration should encompass features such as biocompatibility, porosity, mechanical functionality, bioactivity, and degradability. Biocompatibility—the ability of
a biomaterial to perform its desired function without
eliciting undesirable local or systemic effects in the
patient—is critical to the success of every implantable

FIGURE 1 (A) A schematic of the extracellular matrix (ECM) composed of cells interacting with collagen fibers through integrin
molecules present in the plasma membrane. Reprinted from Reece et al. (2011) with permission from Pearson Education. (B) Scanning
electron microscopy image of collagen fiber bundles observed in the dermis of neonatal rat skin. Reprinted from Kim et al. (2012) with
permission from Elsevier. (C) Synthetic poly(α-hydroxyester) graft fabricated by electrospinning (1000X). Reprinted from James et al.
(2011a) with permission from IOP Publishing. The engineered scaffold (C) mimics the fiber bundles of collagen (B) in native tissue ECM.
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medical device. Porosity is the percentage of void space
in a solid object; macroporosity (pore size >50 µm) in
bone grafts supports the growth of new bone and vasculature, enabling the transport of oxygen and nutrients
throughout the depth of the scaffold. For load-bearing
applications, an engineered scaffold must be mechanically competent to tolerate and transfer local forces; this
is most critical for applications involving tissues such
as tendon, bone, and ligament. Bioactivity refers to an
inherent property of a material or molecule to direct
desired biological activities; for example, hydroxyapatite, a material of chemical composition similar to native
bone, provides a skeletal framework that promotes the
formation of new bone tissue and is thus identified as
being osteoinductive. Degradation of biomaterials is
modulated strongly by the local environment, and it is
important to ensure that degradation byproducts will
not elicit local and systemic immune response, which
would significantly compromise the success of implanthost integration.

An engineered scaffold
for tissue regeneration
requires features such
as biocompatibility,
mechanical functionality,
and degradability.
Stem Cells

A readily accessible and robust source of cells is essential for tissue engineering, and increasingly stem cells
represent just such a source.
Based on their differentiation potential, stem cells are
categorized as pluripotent or multipotent. Pluripotent
stem cells—embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs)—are characterized by
continuous self-renewal in culture and the capacity to
differentiate into any of the three germ layers: endoderm, ectoderm, and mesoderm. Thus they can theoretically give rise to any and all cells of the developing
embryo and are a plentiful source of tissues that might
not actively regenerate from stem cells in the adult.

Multipotent stem cells, isolated from adult tissues, are
comparatively rare and restricted in their differentiation
potential to the tissues in which they reside. They may
be hematopoietic stem cells (HSCs), limbal/corneal
stem cells, bone marrow–derived mesenchymal stem
cells (MSCs), adipose-derived stem cells (ADSCs), skin
or epidermal stem cells, or neural stem cells (NSCs).
HSCs have been used in bone marrow transplantation for decades and represent the most therapeutically advanced of the multipotent stem cells. Limbal
stem cells have proven effective at engendering corneal
grafts to cure ocular injuries and blindness (Rama et al.
2010). However, virtually all other uses of adult multipotent stem cells should be considered experimental. Bone marrow–derived MSCs, for example, can be
coaxed to become bone, cartilage, and fat in vitro and
have undergone extensive clinical trials for orthopedic
applications, but have yet to win regulatory approval for
such indications. They are in clinical trials for cardiac
applications and autoimmune disease, but it is not clear
that these clinical settings reflect the native functions
of MSCs.
Among the most compelling recent innovations
is the synthesis of tissue engineering with new techniques for culturing stem cells and adhering them to
an engineered organ, as when autologous MSC-derived
chondrocytes and epidermal cells were seeded onto a
decellularized donor trachea to provide an airway for
a patient with severe bronchomalacia (Jungebluth
et al. 2011; Macchiarini et al. 2008). These surgical
solutions to challenging clinical problems require a
marriage of anatomic structures, cells, and tissues as
well as advanced understanding of the means by which
cells reproduce, interact, and differentiate in order to
guide them.
Mimicry

A major goal of new therapeutic strategies is to develop advanced biomaterials that closely mimic what the
body already does perfectly.
Cells in tissues are situated in microenvironments
composed of insoluble macromolecular proteins, soluble
stimulatory factors, and neighboring cells. This landscape is highly specialized, dynamic, unique to every tissue, and subject to change with age, disease, and injury.
The behavior and function of cells are determined by
mechanical, structural, and chemical signals encoded in
the chemical composition, localization, duration, and
context of the specific microenvironment. Spatial cues
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range from nanometers to centimeters and are largely
depicted by ECM fibers and tissue structures.

benefits of micro and nano features for desirable cellular
responses and mechanical characteristics.

Nanofiber Scaffolds

Biodegradable Polymer Scaffolds

Integration of nanotopographical cues is important in
The micro- and nanohierarchical structure of bone
engineering complex tissues that have multiple cell
tissue—comprising woven and lamellar bone, interstitypes and require precisely defined cell-cell and celltial networks, and gap junctions—is very difficult to
matrix interactions in a 3D environment. Nanoscale
mimic in bone substitutes for modulating repair/regenmaterials and structures therefore play a paramount role
eration. Porous bone substitutes can partially mimic the
in controlling cell fate and regenerative capacity, and
canal systems and interconnected networks of native
nanofibers have been one of the most widely investigatbone, and 3D macroporous scaffolds have been fabried nanostructures for tissue regeneration (Li et al. 2002).
cated using a salt leaching technique that achieves
Nanofiber scaffolds are characterized by ultrathin
porosity similar to trabecular bone. These heat-sintered
continuous fibers, high surface-to-volume ratio and
scaffolds are made of a degradable polyester that repporosity, and variable pore size distribution (Figure 2).
resents a negative template of trabecular bone, so that
Their interconnecting porous structure provides a large
newly forming bone tissue will occupy the pore structure
surface area for cell attachment and sufficient space
while the microsphere matrix slowly degrades, leaving
for nutrient exchange.
Cell performance has been
found to be significantly
enhanced on nanofiber
matrices.
Polymeric nanofibers
can be fabricated using a
simple, reproducible, and
scalable technique called
the electrospinning process.
Scaffolds composed of electrospun nanodiameter fibers
recapitulate ECM structural
features and, via modifications to the fiber material
or surface, biochemical cues
as well. This type of artificial scaffold with enhanced
biofunctionality constitutes a more biomimetic
microenvironment for ex
vivo stem cell culture and
has been shown to support
multiphasic MSC differentiation into chondrogenic, FIGURE 2 Biomimetic polymer nanofibers fabricated by electrospinning process. These fibers
osteogenic, tendinogenic, mimic the architecture of the extracellular matrix (ECM) component of the tissue. Scanning
and adipogenic phenotypes electron microscope (SEM) micrographs show the interaction between cells and electrospun nano(Deng et al. 2011; James et fibrous structure after 3 days of culture: (A) original magnification ×1500, (B,C) original magnificaal. 2011a; Soliman et al. tion ×2500, and (D) original magnification ×3000. (B) Shows fibroblasts that have infiltrated into
the scaffold and and integrated well with the surrounding fibers, and (C,D) reveal cells aligned in
2010; Xin et al. 2007). The the direction of fiber orientation, forming a three-dimensional and multicellular network according
electrospinning process to the architecture of the nanofibrous structure. Reprinted from Li et al. (2002) with permission
thus enables the combined from John Wiley and Sons.
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voids that will form the pores of new trabecular bone.
MSCs seeded on such scaffolds manifest bone phenotypes, indicating their osteoinductive potency.
Problems with cell migration into the scaffold, and
the lack of diffusion of nutrients into and wastes out of
the scaffold system, limit the dimensions and functionality of regenerative implants. Exploiting the chemistry of two biodegradable polymers, a 3D polylactic acid
(PLA) nanofiber mesh was successfully incorporated
in the void spaces between sintered microspheres and
thereby achieved cell migration and ECM production
throughout the scaffold (Brown et al. 2010).
Previous scaffold designs incorporated signals from
the cellular microenvironment but were restricted
to one or two stationary cues. The focus now is on
dynamically encoding multiple cues to integrate
signaling and direct cell fate in the host microenvironment. This ambitious goal requires control over
architecture at multiple size scales, spatiotemporally
regulated release of signaling molecules, and dynamic
polymer design.

Dynamic Polymer Scaffolds

Developments of new biomaterials and composite scaffold systems have led to dynamic scaffolds in which the
substrate recapitulates the stem cell microenvironment
by dynamically encoding the localization, duration,
and context of numerous cues to integrate the cellular response in the host. The cellular responses in turn
remodel the scaffold; for example, stem cell–induced
enzymatic changes in the local microenvironment will
change the substrate stiffness or induce the release of
factors that will accelerate differentiation.
A unique polymer erosion system was designed with
a polyphosphazene-polyester blend polymer platform,
a simple mixture of two polymers (Deng et al. 2010).
Blend polymer matrices evolve from a solid coherent
film to an assemblage of microspheres with an interconnected 3D porous structure (Figure 3). Rapid hydrolysis
of the polyester component permits the formation of 3D
void spaces filled with self-assembled polyphosphazene
spheres. Characterization of the spheres reveals macropores between them as well as micro- and nanopores on
their surface. The hydrolysis-driven remodeling of the
scaffold substrate into selfassembled spherical structures gives an insight into
dynamic matrices and how
they may be controlled to
achieve structures with gradient porosity.
Manipulation

FIGURE 3 Schematic illustration of different types of polymer erosion. (A) Bulk erosion. (B)
Surface erosion. (C) Unique polymer erosion through which the polymer changes from a solid
coherent film to an assemblage of microspheres with an interconnected porous structure. Bottom
row: Scanning electron microscope (SEM) images showing change in matrix morphology from
(D,E) a solid coherent film to (F) an assemblage of microspheres with interconnected porous structures characterized by macropores (10–100 μm) between the microspheres as well as (G) micro-/
nanopores on the sphere surface over a period of time. Reprinted from Deng et al. (2010) with
permission from John Wiley and Sons.

Biomaterials may improve
the impact of transplanted stem cell populations
through the delivery of (1)
cells in a protective gel to
enhance viability; (2) diffusible factors to mobilize the endogenous cells
involved in repair (e.g.,
angiogenic factors to form
blood vessels); and (3) regulatory proteins to enhance
survival, self-renewal, and
stimulation of tissue-specific phenotype maturation.
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Regulation of Cell Fate: Directed Differentiation

As a fledgling field, stem cell biology has come to
embody the ambition to understand both the intrinsic
internal clues and microenvironmental influences that
specify, maintain, or destabilize a cell’s identity (Cherry
and Daley 2012). Among the most vexing challenges
in cell biology is how to control cellular behavior for
medical applications, in particular how to promote the
differentiation of pluripotent cells or specialized adult
stem cells without loss of their “stemness” attributes.
The challenge is common to pluripotent and multipotent stem cell types: directed differentiation—coaxing
cells toward a specific desired terminal cell type—is difficult, inefficient, and fraught with technical and theoretical limitations.
Stem cell self-renewal is a major asset because it
enables the large-scale cell production required for
clinical applications, but only certain multipotent stem
cells can be cultured in vitro for periods adequate to
generate a large enough dose of cells. Here, rigorous
bioprocess and manufacture optimization are proving
crucial (Kirouac and Zandstra 2008). For pluripotent
stem cells, which are immortal, the propagation and
expansion to clinical scale is less daunting than the
challenge of directed differentiation (Ungrin et al.
2012). In most circumstances, pluripotent stem cells
must be bathed in media that replicates the cues provided in the embryo by precise temporal and positional
stimulatory gradients, and by the ECM and native tissue environment.
Directed differentiation of stem cells requires a deep
mechanistic knowledge of development, whereas the
routines of cell biology (static culture in two-dimensional petri dishes at ambient oxygen tension) generally do not mimic the biochemical or biomechanical
milieu of the developing embryo. Here again, the interface of cellular and developmental biology with biomaterials science and nanotechnology provides novel
opportunities to engineer the cell-scaffold interaction
and thus a solution to an otherwise intractable problem
of cellular alchemy.
A kind of cellular alchemy in fact rules in stem cell
biology today. Because in many instances the stepwise
application of developmental principles to direct cell
fates in vitro has proven inadequate, alternative and creative strategies have emerged. This new wave has been
inspired largely by the work of Yamanaka and colleagues,
who demonstrated that a small set of transcription factors could reset the epigenome of a differentiated cell
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back to a pluripotent state (Takahashi and Yamanaka
2006). Within a year of the production of iPSCs in mice,
several groups succeeded in reprogramming human
somatic cells back to a state equivalent to embryonic
stem cells (Park et al. 2008b; Takahashi et al. 2007; Yu et
al. 2007), and quickly turned to modeling human disease
(Park et al. 2008a). iPS cells represent an accessible supply of immortal embryonic tissue for any given patient
and, when differentiated into somatic cells and tissues,
can become a source of autologous tissues for regenerative engineering.

iPS cells enable a supply of
immortal embryonic tissue
and can become a source
of tissues for regenerative
engineering.
Rather than await the painstaking elucidation of
methods for directed differentiation in a dish, some
intrepid investigators have attempted to harness transcriptional regulators to convert one differentiated
adult somatic cell type into another with therapeutic
relevance. Melton and colleagues succeeded in introducing transcriptional regulators via adenoviral vectors
into exocrine pancreas cells to convert them into insulin-producing beta cells in situ (Zhou et al. 2008), a dramatic demonstration of cellular alchemy for therapeutic
regenerative engineering. Wernig and colleagues then
applied this alchemy in a dish to convert dermal fibroblast into neurons (Vierbuchen et al. 2010), setting off
a modern gold rush of sorts among scientists who have
scurried to convert fibroblasts into any number of adult
somatic tissues such as cardiomyocytes and hepatocytes
(reviewed in Morris and Daley 2013).
It is now up to bioengineers and stem cell scientists
to collaborate to configure appropriate biomaterials and
microenvironments that can promote cell fate transitions in a controlled manner for regenerative purposes.
Controlling Cell Fate

Two approaches have been proposed using biomaterials
to control the fate of stem cells in vivo. In one approach,
biomaterials function as carriers to introduce stem cells
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into damaged, diseased, or aged tissue, and in the other
biomaterials are used to augment the endogenous stem
cell function. The survival of the transplanted stem
cells is extremely poor and their behavior is poorly controlled in the absence of instructive signals at the injury
site due to tissue necrosis.
Biomaterial scaffolds decorated with stimulatory molecules, particularly peptide sequences such as fibronectin, bone sialoprotein, and osteopontin, accelerate bone
formation and improve osteointegration of implants.
In addition, large molecules delivered from polymeric
biomaterials could directly or indirectly signal endogenous cells to undergo osteogenic differentiation.
Ceramic surfaces and composite scaffold mediate cellular responses including cell differentiation.
To accelerate the evaluation of novel materials, an
array-based technology has been developed to study
simultaneously several hundred polymer formulations
to determine optimal biomaterial-cell interactions for
specific applications. Such array-based technologies
enable rapid and efficient screening to identify biomaterials and other analogues that can be used as scaffold
components to direct stem cell fate and differentiation.
Opportunities and Challenges

In the future it is expected that several cell-matrix
interactions will be layered together in a single continuous material to create a dynamic, bidirectional feedback
system. For example, as stem cells proliferate in response
to a scaffold loaded with stimulatory factors, cellular signaling events may trigger a reorganization of scaffold
components or matrix softening. In response to this
new microenvironment, the stem cells may differentiate along a specific pathway.
In the context of rapidly developing materials,
hierarchical designs, and material morphogenesis, an
emerging understanding of the plasticity and pliability of stem and tissue cells presents remarkable new
opportunities for regenerative engineering. However,
it will be challenging to define the mechanogradients,
hierarchical levels, optimal differentiation factors, and
gradients that will effectively direct cell fates, ensure
tissue integration, and restore tissue functionality.
Moving beyond individual tissue repair to complex tissues, organs, and whole biological systems is a longterm ambition.
These challenges can be addressed through the convergence of advanced materials science, stem cell science, and developmental biology. Teams of scientists,

engineers, physicists, and clinicians, all with integrated
training in the foregoing disciplines, will be necessary in
the biomedical laboratory of the future.
Summary

Cells can be a fundamental building block of regenerative strategies, and novel means of manipulating stem
cells and their progeny will prove essential to realizing
the bold long-term goals of limb and organ regeneration. Strong understanding of cell-matrix interactions
and cell-cell signaling events will guide the development of novel biomaterials and scaffold structures.
Furthermore, an understanding of the parameters that
regulate cell fate will influence the fabrication of scaffold systems that recapitulate the features of stem cell
microenvironments.
Breakthroughs will emerge from the convergence of
varied entities, such as materials science, biomimetics,
and developmental biology. No single entity is enough
by itself. The combinatorial approach will enable scaffold composition and hierarchical organization to provide physical support, nurture and sustain pluripotent
or multipotent cells, and direct their fates while providing a native microenvironment in which they can
regenerate and remodel to restore tissue and organ function. Through interdisciplinary approaches the ultimate
ambitions of regenerative engineering will become a
dominant paradigm for 21st century medicine.
References
Brown JL, Peach MS, Nair LS, Kumbar SG, Laurencin CT.
2010. Composite scaffolds: Bridging nanofiber and microsphere architectures to improve bioactivity of mechanically competent constructs. Journal of Biomedical Materials
Research Part A 95:1150–1158.
Cherry AB, Daley GQ. 2012. Reprogramming cellular identity for regenerative medicine. Cell 148:1110–1122.
Deng M, Nair LS, Nukavarapu SP, Kumbar SG, Jiang T,
Weikel AL, Krogman NR, Allcock HR, Laurencin CT.
2010. In situ porous structures: A unique polymer erosion mechanism in biodegradable dipeptide-based polyphosphazene and polyester blends producing matrices for
regenerative engineering. Advanced Functional Materials
20:2794–2806.
Deng M, Kumbar SG, Nair LS, Weikel AL, Allcock HR, Laurencin CT. 2011. Biomimetic structures: Biological implications of dipeptide-substituted polyphosphazene-polyester
blend nanofiber matrices for load-bearing bone regeneration. Advanced Functional Materials 21:2641–2651.

FALL 2013

James R, Kumbar SG, Laurencin CT, Balian G, Chhabra AB.
2011a. Tendon tissue engineering: Adipose-derived stem
cell and GDF-5 mediated regeneration using electrospun
matrix systems. Biomedical Materials 6:025011.
James R, Toti US, Laurencin CT, Kumbar SG. 2011b. Electrospun nanofibrous scaffolds for engineering soft connective
tissues. Methods in Molecular Biology 726:243–258.
Jungebluth P, Alici E, Baiguera S, Le Blanc K, Blomberg P,
Bozoky B, Crowley C, Einarsson O, Grinnemo KH, Gudbjartsson T, Le Guyader S, Henriksson G, Hermanson O,
Juto JE, Leidner B, Lilja T, Liska J, Luedde T, Lundin V,
Moll G, Nilsson B, Roderburg C, Stromblad S, Sutlu T,
Teixeira AI, Watz E, Seifalian A, Macchiarini P. 2011. Tracheobronchial transplantation with a stem-cell-seeded bioartificial nanocomposite: A proof-of-concept study. Lancet
378:1997–2004.
Kim HN, Hong Y, Kim MS, Kim SM, Suh KY. 2012. Effect
of orientation and density of nanotopography in dermal
wound healing. Biomaterials 33(34):8782–8792.
Kirouac DC, Zandstra PW. 2008. The systematic production
of cells for cell therapies. Cell Stem Cell 3:369–381.
Langer R, Vacanti J. 1993. Tissue engineering. Science
260:920–926.
Laurencin CT, Khan Y. 2012. Regenerative engineering. Science Translational Medicine 4:160–169.
Li WJ, Laurencin CT, Caterson EJ, Tuan RS, Ko FK. 2002.
Electrospun nanofibrous structure: A novel scaffold for tissue engineering. Journal of Biomedical Materials Research
60:613–621.
Macchiarini P, Jungebluth P, Go T, Asnaghi MA, Rees LE,
Cogan TA, Dodson A, Martorell J, Bellini S, Parnigotto
PP, Dickinson SC, Hollander AP, Mantero S, Conconi MT,
Birchall MA. 2008. Clinical transplantation of a tissueengineered airway. Lancet 372:2023–2030.
Morris SA, Daley GQ. 2013. A blueprint for engineering cell
fate: Current technologies to reprogram cell identity. Cell
Research 23:33–48.
Park IH, Arora N, Huo H, Maherali N, Ahfeldt T, Shimamura
A, Lensch MW, Cowan C, Hochedlinger K, Daley GQ.
2008a. Disease-specific induced pluripotent stem cells. Cell
134:877–886.
Park IH, Zhao R, West JA, Yabuuchi A, Huo H, Ince TA,
Lerou PH, Lensch MW, Daley GQ. 2008b. Reprogramming
of human somatic cells to pluripotency with defined factors. Nature 451:141–146.

41

Rama P, Matuska S, Paganoni G, Spinelli A, De Luca M, Pellegrini G. 2010. Limbal stem-cell therapy and long-term
corneal regeneration. New England Journal of Medicine
363:147–155.
Reece JB, Urry LA, Cain Ml, Wasserman SA, Minorsky PV,
Jackson RB. 2011. Campbell Biology, 9th ed. Upper Saddle
River NJ: Pearson Education.
Reichert W, Ratner BD, Anderson J, Coury A, Hoffman AS,
Laurencin CT, Tirrell D. 2011. 2010 Panel on the Biomaterials Grand Challenges. Journal of Biomedical Materials
Research Part A 96:275–287.
Sharp PA, Langer R. 2011. Promoting convergence in biomedical science. Science 333:527.
Soliman S, Pagliari S, Rinaldi A, Forte G, Fiaccavento R,
Pagliari F, Franzese O, Minieri M, Di Nardo P, Licoccia S,
Traversa E. 2010. Multiscale three-dimensional scaffolds
for soft tissue engineering via multimodal electrospinning.
Acta Biomaterialia 6:1227–1237.
Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T,
Tomoda K, Yamanaka S. 2007. Induction of pluripotent
stem cells from adult human fibroblasts by defined factors.
Cell 131:861–872.
Takahashi K, Yamanaka S. 2006. Induction of pluripotent
stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell 126:663–676.
Ungrin MD, Clarke G, Yin T, Niebrugge S, Nostro MC,
Sarangi F, Wood G, Keller G, Zandstra PW. 2012. Rational
bioprocess design for human pluripotent stem cell expansion and endoderm differentiation based on cellular dynamics. Biotechnology and Bioengineering 109:853–866.
Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Sudhof TC,
Wernig M. 2010. Direct conversion of fibroblasts to functional neurons by defined factors. Nature 463:1035–1041.
Xin X, Hussain M, Mao JJ. 2007. Continuing differentiation
of human mesenchymal stem cells and induced chondrogenic and osteogenic lineages in electrospun PLGA nanofiber scaffold. Biomaterials 28:316–325.
Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J,
Frane JL, Tian S, Nie J, Jonsdottir GA, Ruotti V, Stewart R, Slukvin II, Thomson JA. 2007. Induced pluripotent
stem cell lines derived from human somatic cells. Science
318:1917–1920.
Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA. 2008.
In vivo reprogramming of adult pancreatic exocrine cells to
beta-cells. Nature 455:627–632.

Just as the invention of the integrated circuit catalyzed
the transition from vacuum tube computers to the
modern computer era, microfluidic devices provide
unprecedented advances in biological automation
and productivity.

Microfabrication

The Interface Between Medicine and Engineering
Stephen R. Quake

Over the past half-century the semiconductor industry developed a powStephen
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erful set of manufacturing tools that enable highly parallel fabrication of
electronic devices with an extraordinarily large number of integrated components. A key part of this process is the use of lithographic techniques to
transfer complex patterns into semiconductor substrates, and another part
is the development of approaches to manipulate the material properties of
these substrates by etching, doping, and deposition. As a result, electronic
technologies have enjoyed exponential growth in sophistication and complexity with corresponding decreases in cost, as captured by the famous
Moore’s law. The power of this approach to manufacturing has inspired several generations of biomedical researchers, who have sought to bring the
same sort of scaling to biology and medicine. In this article I discuss several
examples of how this interface has been exploited.
Background

In the 1980s engineers realized that silicon was a useful material not just for
its electronic properties but also for its very interesting mechanical properties. Exploitation of these properties led to the development of the field of
microelectromechanical systems (MEMS) and the production of a variety
of intricate miniaturized mechanical devices and systems—from gears to
ratchets to mechanical oscillators, to name just a few. A number of familiar
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consumer devices use MEMS, such as the micromirror
arrays in some video projectors and the inertial sensors
in automobile air bags (as well as in mobile phones).
There have also been some direct medical applications
of MEMS, including in implantable devices.
The introduction of lithography—the use of photographic techniques to effect pattern transfer—was crucial in enabling the semiconductor industry to produce
monolithic devices with enormous numbers of distinct
components all fabricated in situ. There have been two
clear and powerful extensions of this approach to the
life sciences and medicine.
Molecular Lithography

Molecular lithography is used to fabricate distinct
molecular species (Fodor et al. 1991). It enabled synthesis of huge arrays of both peptides and nucleic acids,
and launched the biochip industry. The DNA arrays
produced by this technology also helped create the
genomics revolution, by creating a technology for highly parallel gene expression measurements—in effect,
creating the ability to monitor global gene expression of
nearly all the genes in an organism at once. The arrays
are also used for high-throughput genotyping—measuring up to a million single-nucleotide polymorphisms at
a time.
Molecular lithography inspired a host of other DNA
array fabrication technologies, such as robotic fountain pens (Schena et al. 1995) and self-assembled bead
arrays (Epstein and Walt 2003), all of which remain in
use today.
“Soft” Lithography

The other major extension of semiconductor lithography has been the introduction of a suite of fabrication techniques termed “soft lithography” (Xia and
Whitesides 1998). This approach led to an expansion
in the variety of materials that could be microfabricated
into arbitrary structures and has also enabled exquisite
control over the patterning of chemical functionalities.
Soft lithography inspired a wholesale move from silicon to silicone elastomers such as polydimethyl siloxane as the material of choice for biologically related
device fabrication.
Another powerful impact has been in the form of
microcontact printing, in which elastomeric “stamps”
are used to effect pattern transfer of chemical inks onto
surfaces in defined patterns. A fascinating application
of this technology has been the ability to pattern the
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shapes that cells take when attached to surfaces, thus
making it possible to explore the connection between
geometry and internal cell mechanics (Chen et al.
1997).
Other Types of Machining

It is worth noting that not all methods of biomedical
microfabrication are derived from the lithography paradigm of the semiconductor industry. One example of
this is laser cutting–based micromachining, which is
the microfabrication technology used to manufacture
stents. Another example is electric discharge machining, which is used to manufacture many of the miniaturized fountain pens used in printed DNA arrays.
Three-dimensional printing is rapidly emerging as a
manufacturing technology with applications for microfabrication in biology and medicine, and has been
reviewed recently in this journal (Lipson 2012).

Molecular lithography
enabled synthesis of huge
arrays of both peptides and
nucleic acids, and launched
the biochip industry.
The Intersection of Microfabrication and the
Life Sciences

One of the most productive interfaces between microfabrication and the life sciences has been the emergence
of the field of microfluidics, which is often defined as
the development and application of fluid manipulation
at the nanoliter scale and is now the subject of a variety
of textbooks (Folch 2012; Tabeling 2010).
Microfluidics

Microfluidics had its origins in the desire of chemists to
build miniaturized and portable analytical devices. Early
examples include a microfabricated gas chromatograph
as well as a number of microfabricated capillary electrophoresis systems. It was soon appreciated that the fluid
physics governing the behavior of nanoliter volumes
in microfabricated devices is quite different from one’s
intuition from the macro scale. While this was initially
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approached as a problem to circumvent (i.e., how does
one mix fluids in the absence of inertia?), it was soon
embraced as a “feature,” and there are now numerous
examples of devices that exploit the unique fluid physics of small-length scales to achieve performance that
is not possible in conventional volumes (Squires and
Quake 2005).
Applications of Microfluidics

Large-Scale Integration

Microfluidic large-scale integration (LSI) realizes the
most direct analogy with semiconductor integrated circuits. This approach involves fabricating hundreds to
tens of thousands of integrated micromechanical valves
in a single microfluidic device, which can be connected
with arbitrarily complex plumbing designs (Melin and
Quake 2007). The valves can be combined into other
functional units such as peristaltic pumps, multiplexed
addressing schemes, rotary mixers, and reconfigurable
columns.
Just as the development of LSI design rules in digital
electronics freed circuit designers from having to worry
about the technical details of the transistor technology
they were using, so too can microfluidic LSI be used
to separate design from fabrication, since it enables
abstraction of functional units on several levels. This
ability to abstract design rules is one of the most powerful aspects of microfluidic LSI and remains a crucial
distinguishing factor from other approaches to manipulate fluids in microfluidic devices, such as electrokinetic
effects and compartmentalization by two-phase emulsions, which are more akin to analogue electronics.

In recent years there has
been a burst of useful cell
culture innovations based on
microfluidic technologies.
Protein Crystallography

One example of the power of microfluidic LSI can be
found in protein crystallography, where microfluidics
enables sophisticated manipulation of the nucleation
and growth kinetics of protein crystal growth, which

are otherwise very difficult to achieve (Hansen and
Quake 2003). The fundamental physical basis for this
rests on the fact that density-driven convection is negligible in nanoliter volumes—or more precisely, forces
caused by convection are small relative to the viscous
dissipation of the fluid. This enables implementation of
a crystal growth strategy called “free interface diffusion,”
to explore the solubility phase space of the protein in
a manner that best mimics the crystallization process.
Microfluidic approaches to protein crystallization have the added advantage of consuming only
tiny amounts of protein sample in each experiment,
thus allowing hundreds of experiments with the same
amount of protein required for a single conventional
experiment. Since the proteins used in these experiments can be extraordinarily difficult and expensive to
purify, this engineering economy of scale is an important benefit of the microfluidic approach.
Chips to screen protein crystal growth conditions
outperform conventional methods by an impressive
margin. These chips have been commercialized and
used in structural biology labs in industry and academia
around the world, and numerous structures that resisted
all prior efforts were solved with the use of this chip.
Many of these are related to human health or pharmaceuticals, including the Ebola virus glycoprotein, H5N1
influenza virus hemagglutinin, and an integrin binding
to a fibrogen-mimetic therapeutic.
Cell and Tissue Culture

Another area in which microfluidic devices are having an enormous impact is cell and tissue culture. It is
remarkable how few technological advances this field
enjoyed since the invention of the petri dish. However,
in recent years there has been a burst of useful cell culture innovations based on microfluidic technologies.
The novel fluid physics of small volumes can be used
to create complex chemical gradients, a capacity that
is useful for understanding how cells move and respond
to cues from signaling molecules in their environments
(Jeon et al. 2002). Microfluidics has even been used to
create thermal gradients across individual fly embryos, enabling study of the molecular clocks associated
with development and their dependence on temperature (Lucchetta et al. 2005). Microfluidic technology
has also been used to create miniaturized cell culture
devices, in formats ranging from microbial chemostats
(Balagadde et al. 2005) to high-throughput mammalian
cell culture (Tay et al. 2010).
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Genomic Analysis

An exciting emerging area revolves around the use
of microfluidic tools for single-cell genomic analysis
(Kalisky et al. 2011). Microfluidic devices have been
used for both gene expression analysis and for genome
sequencing from single cells. In the case of gene expression analysis, it has become routine to analyze hundreds
of genes per cell on hundreds to thousands of single cells
per experiment. This has led to many new insights into
the heterogeneity of cell populations in human tissues,
especially in the areas of cancer and stem cell biology.
These devices make it possible to perform “reverse tissue engineering” by dissecting complex tissues into their
component cell populations, and they are also used to
analyze rare cells such as circulating tumor cells.
Single-cell genome sequencing has been used to analyze the genetic properties of microbes that cannot be
grown in culture—the largest component of biological
diversity on the planet—as well as the recombination
potential of humans by characterizing the diversity of
novel genomes found in the sperm of an individual.
While it is indeed possible to do single-cell genomic
experiments with traditional bulk approaches, the
microfluidic approach is lower cost, high throughput,
and usually of higher technical quality.
Bioanalytical Chemistry

There have been many applications of microfluidics to
bioanalytical chemistry; I highlight here the emergence
of digital polymerase chain reaction (PCR).
It has been a long-standing challenge of measurement science to make absolute quantitation of particular nucleic acid species. The gold standard for many
years has been quantitative PCR (qPCR), but for a
variety of technical reasons this tends to be a relative
and not absolute measurement. Digital PCR is a way of
using limiting dilution to make an absolute measurement of nucleic acid quantitation, by, in effect, partitioning a sample into many subsamples, each of which
contains on average less than one molecule of DNA. By
applying PCR to each subsample, one can determine
which of the subsamples had a molecule and which
didn’t, and effectively “count molecules” by counting
the number of subsamples with amplified product in
them. This is tedious and impractical to do with conventional bench techniques, but is easily enabled with
microfluidic automation.
Many applications of microfluidic digital PCR have
been demonstrated, and government standards agencies
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have contemplated its use in measuring GMO contamination in the food supply.

Microfluidic devices
have led to insights into
the heterogeneity of cell
populations in human tissues,
especially in cancer and
stem cell biology.
Nanoliter Chemical Synthesis

Microfluidic large-scale integration has also been
applied to develop nanoliter-scale synthetic chemistry
devices. One might question the utility of performing
such synthesis, since it results in very small amounts of
product, but in fact there are several useful application
areas. One of these is in positron emission tomography
(PET), the widely used medical imaging technique.
PET requires the use of small amounts of radiopharmaceuticals, and because of the short half-lives of the
positron-emitting isotopes it would be quite useful to
synthesize single doses on demand. Since only tiny
amounts of the radio-compound are used per dose, individual doses can be synthesized in nanoliter reactors
(Lee et al. 2005).
Another area where nanoliter chemical synthesis
leads to practical applications is DNA synthesis—small
amounts of DNA product can always be amplified with
methods such as PCR. It is possible that microfluidic
gene synthesis methods will play a role in the emerging
field of synthetic biology (Lee et al. 2010).
Conclusion

Microfluidics has matured well beyond its academic
origins and has had significant commercial impact in a
variety of realms. There are numerous small and medium-sized companies producing a wide range of microfluidic tools—one can get a sense of the scale by noting
that well over a billion of the micromechanical valves
that form the basis of microfluidic large-scale integration have been manufactured and shipped to customers. These companies play an important role in helping

46

nonexpert users enjoy the benefits of microfluidic tools,
and also provide a metric to gauge the scientific and
economic impact of the field.
Just as the invention of the integrated circuit catalyzed the transition from vacuum tube computers to
the modern computer era, it is likely that microfluidic
devices will continue to provide unprecedented advances in biological automation and productivity.
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Advances in synthetic biology will accelerate the
development of lower-cost, bio-based, sustainable
production methods for food and feed ingredients,
chemicals, and biofuels in the next 25 years.

Applications of Synthetic Biology
to Enhance Life
Jay D. Keasling and J. Craig Venter

For centuries a principal goal of science has been, first, to understand life
Jay D. Keasling

J. Craig Venter

at its most basic level and, second, to learn to control it. René Descartes
(1596–1650), a pioneer of optics most often associated with “I think, therefore I am,” looked forward in his Discourse on the Method (1637) to a day
when humans would become “masters and possessors of nature.”
Modern science has revealed that life ultimately consists of DNA-driven
biological machines: all living cells run on DNA “software,” which directs
hundreds of thousands of protein “robots.” Researchers have been digitizing
life for decades, since they first figured out how to read the software of life
by sequencing DNA. It is now possible to go in the other direction by starting with computerized digital code, designing a new form of life, chemically
synthesizing its DNA, and then “booting it up” to produce the actual organism (Venter 2013).
Before genetic engineering, breeding and crosses were used to alter the
makeup of pets, livestock, and crops, but it took many (human) generations
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to produce a better hunting dog and a high-yielding rice.
Genetic engineering promised the ability to leapfrog
over the timescales of breeding. And in the four decades
since its initial development genetic engineering has
had profound impacts, in the development of drugs (e.g.,
human insulin, human growth hormone), production
of chemicals (e.g., 1,3-propanediol, amino acids, indigo
dye), and generation of crops with advanced traits (e.g.,
Roundup-ready corn and soybeans).
Indeed, many of the most pressing problems facing
humankind could be solved through the engineering
of biology: synthesis of chemicals and fuels from sunlight and carbon dioxide, creation of life-saving drugs,
production of food to feed the masses, and cleanup of
the environment. But genetic engineering still takes far
too long, is far too costly, and is far too unpredictable.
Engineering even the simplest microorganism to produce some of the simplest organic chemicals can take a
decade or more. And engineering a complicated organism like a plant can take much longer, not to mention
the approval process, in part because the engineering is
so unpredictable.

ties of materials and then fabricate functioning circuits
and entire processors (with relatively high reliability),
synthetic biologists will soon design and build cells.
Synthetic biology is to biology what synthetic chemistry is to chemistry. Just as synthetic chemists develop
models for chemical reactions and apply those reactions
to a myriad of chemicals to test their generality, one can
imagine developing rules for biology to build new biological systems that are not found in the natural world
and as such learn more about how biological systems
function and enable the examination of new functions.
Progress toward synthetic biology has been made
practical by developments in DNA sequencing and synthesis. Sequencing has increased understanding of the
components and organization of natural biological systems and synthesis has enabled the testing of designs of
new, synthetic biological parts. Furthermore, advances
in long DNA synthesis make it possible to construct
complicated genetic circuits and metabolic pathways.
With these advances, synthetic biologists have made
tremendous progress on the construction of genetic circuits and even entire chromosomes.
Benefits

Synthetic biology can
decrease development times
(and thus cost) and
increase the reliability
of genetic modification.
Synthetic Biology

Definition and Development

Synthetic biology—the application of engineering
principles and designs to biology—promises to decrease
development times (and thus cost) and to increase
the reliability of genetic modification. It builds on
advances in molecular and systems biology and seeks
to transform biology in the same way that synthesis
transformed chemistry and integrated circuit design
transformed computing.
The element that distinguishes synthetic biology from traditional molecular biology is the focus on
design and construction. Just as engineers now design
integrated circuits based on the known physical proper-

There are at least two reasons to do synthetic biology.
The first is to learn: a functional system reconstituted
from its basic parts can yield a deeper understanding
of fundamental design principles. Using synthetic biology, researchers can test models of how biology works
by building systems and measuring differences between
expectation and observation. Well-characterized
genetic controls and wires enable the biologist to more
easily perturb an existing biological system to study its
inner workings.
One such example is work from the Lim laboratory
on understanding how scaffolding complexes flexibly control the flow of information in yeast mitogenactivated protein kinase (MAPK) pathways (Bashor et
al. 2008; Reményi et al. 2005). The understanding of
these mechanisms has not only shed light on how normal responses occur and how they may have evolved
but also allowed the engineering of rationally altered
MAPK pathways with custom-designed nonnatural
input/output response behaviors as well as precisely
tuned response dynamics.
Similarly, reconstituting a biological function in a
naïve host can be one of the best ways to understand
all the components necessary to make it function. An
example is demonstrated in recent work from the Voigt
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laboratory, where all native regulation was removed and
the entire 23.5 kb segment of chromosomal DNA controlling nitrogen fixation in Klebsiella oxytoca, consisting
of 20 genes in 7 operons, was removed and replaced with
a completely redesigned, functioning, synthetic segment
controlled exclusively by T7 promoters and ribosome
binding sites of differing strengths (Temme et al. 2012).
The second reason to do synthetic biology is to solve
some important problems or improve life or the environment. Advances in synthetic biology will accelerate the
development of lower-cost, bio-based, sustainable production methods for food and feed ingredients, chemicals, and biofuels in the next 25 years. Increasingly,
rational design of living organisms will become a hallmark of future bio-based production methods. Future
decades will witness the introduction of semisynthetic
cells (containing one or more synthetic chromosomes
driving metabolic functions) and wholly synthetic cells
into bio-based manufacturing processes.
Recent Accomplishments and Future
Opportunities

Health

As many as 60 percent of successful drugs are of natural origin (Cragg et al. 1997), including some of the
most potent anticancer, antibacterial, and antifungal
drugs. Many of these are produced in small amounts in
their native hosts, making them expensive to harvest.
Organic chemistry methods are widely used to synthesize many pharmaceuticals (whether of natural origin
or not) and to functionalize many pharmaceutically relevant natural products in use today. With considerable
effort, functionalities can be introduced into molecules
with precision. More recently, enzymes have been used
for in vitro combinatorial functionalization of complex
molecules. The next logical step in the synthesis of chemotherapeutics is the use of enzymes for combinatorial
synthesis inside the cell. This would make it possible
to produce drug candidates from inexpensive starting
materials and avoid purification of the enzymes, as
might be necessary for in vitro synthesis.
The production of a drug in a heterologous host generally involves the introduction of several genes in a
biosynthetic cascade. During the past decade, metabolic
engineering has started to change how drugs are developed from natural products in fundamentally new and
practically useful ways. For example, the recognition
that secondary metabolite biosynthetic pathways in
bacteria and fungi are intimately linked at the genetic
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level greatly simplifies the cloning and sequence analysis of biosynthetic, regulatory, and self-resistance genes
associated with a target natural product. The ability to
produce these compounds in reagent quantities in biologically friendly heterologous hosts simplifies protein
engineering and metabolic engineering programs.

Metabolic engineering has
started to change how drugs
are developed from natural
products in fundamentally new
and practically useful ways.
Production of the antimalarial drug artemisinin is
an example of the engineering of microorganisms to
produce a needed drug. Artemisinin, which is extracted from Artemisia annua L. (family Asteraceae; commonly known as sweet wormwood), is highly effective
against multidrug-resistant Plasmodium spp. but is in
short supply and unaffordable to most malaria sufferers
(Enserink 2005). Recently, Saccharomyces cerevisiae was
engineered to produce high titers of artemisinic acid
using an amorphadiene synthase, a novel cytochrome
P450 monooxygenase, and several accessory enzymes
from A. annua that perform a three-step oxidation
of amorpha-4,11-diene to artemisinic acid (Figure 1)
(Chang et al. 2007; Martin et al. 2003; Newman et al.
2006; Paddon et al. 2013; Ro et al. 2006; Westfall et al.
2012). Sanofi has licensed the yeast that produces artemisinic acid and developed a chemical process to convert the acid to artemisinin. This microbial production
process will reduce the time to produce artemisinin and
stabilize the supply and prices.
The artemisinin example is only the beginning. We
foresee the day when nearly any natural product, and
many nonnatural products, are produced in recombinant microbes, greatly expanding the numbers and
types of drugs available.
Fuels

Alternative transportation fuels are in high demand
due to concerns about climate change, the global
petroleum supply, and energy security (Kerr 2007;
Stephanopoulos 2007).
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FIGURE 1 Engineered yeast that produces artemisinin. Simple sugars are consumed by yeast, metabolized through glycolysis, and
enter the mevalonate pathway as acetyl-CoA, which is processed to produce farnesyl pyrophosphate (FPP). The enzymes in the mevalonate pathway that catalyze these reactions are native to yeast, but their expression has been upregulated. FPP is diverted from its
normal route to ergosterol (ERG, enzymes in the biosynthetic pathway) to produce artemisinic acid, which is secreted by the cell into
the culture medium. ADS = amorphadiene synthase, AMO = amorphadiene oxidase, CoA = coenzyme A, CPR= cytochrome P450
reductase, DMAPP = dimethylallyl pyrophosphate, GPP = geranyl pyrophosphate, IDI1 = IPP isomerase, IPP = isopentenyl pyrophosphate, tHMGR X2 = 2 copies of HMG-CoA reductase, ERG10 = acetoacetyl-CoA synthase, ERG13 = HMG-CoA synthase, ERG12
= mevalonate kinase, ERG8 = phosphomevalonate kinase, ERG19 = mevalonate diphosphate decarboxylase, ERG20 = FPP synthase,
ERG9 = squalene synthase, ERG1,7,11,24,25,6,2,3,5,4 = enzymes that convert squalene to ergosterol. Figure drawn by Eric Paradise,
former graduate student at the University of California, Berkeley.

Advanced Biofuels from Sugar
The most widely used biofuels are ethanol generated
from starch (corn) or sugar cane and biodiesel produced
from vegetable oil or animal fats (Fortman et al. 2008).

Ethanol and carbon dioxide are terminal products of
fermentative metabolism; therefore, it stands to reason
that evolutionary selective pressure has forced cells to
achieve high metabolic flux through this pathway and
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near-theoretical product yield. Saccharomyces cerevisiae
produces ethanol anaerobically at 96 percent of theoretical maximum yield, but ethanol is not an ideal fuel
molecule: its energy content is only about 70 percent,
and because of its corrosivity and high hygroscopicity it
is not compatible with the existing fuel infrastructure
for distribution and storage.
Biodiesel has similar problems: it cannot be transported in pipelines because its cloud and pour points
are higher than those for petroleum diesel (petrodiesel), and its energy content is approximately
11 percent lower than that of petrodiesel.
Furthermore, both ethanol and biodiesel are currently produced from limited agricultural resources,
even though there is a large, untapped resource of
plant biomass (lignocellulose) that could be used as
a renewable source of carbon-neutral, liquid fuels
(Blanch et al. 2008). Microbial production of transportation fuels from renewable lignocellulose has several advantages. First, the production is not reliant on
agricultural resources commonly used for food, such as
corn, sugar cane, soybean, and palm oil. Second, lignocellulose is the most abundant biopolymer on earth.
Third, new biosynthetic pathways can be engineered to
produce fossil fuel replacements, including short-chain,
branched-chain, and cyclic alcohols, alkanes, alkenes,
esters, and aromatics.
TABLE 1

There has been much progress recently in engineering microorganisms to produce gasoline, diesel, and jet
fuel molecules (Steen et al. 2010; Schirmer et al. 2010;
Chou et al. 2012) (Table 1), but these fuels have not
been produced at scales anywhere near that of ethanol.
Furthermore, achievement of the near-theoretical yields
and high productivity from sugar required for improved
economics is challenged by the fact that these products
are secondary, not primary, energy-generating metabolites and can be inhibitory to cell function. Recent
advances in synthetic biology and metabolic engineering will make it possible to overcome these hurdles and
engineer microorganisms for the cost-effective production of biofuels from cellulosic biomass.
Algae
Production of biofuels from photoauxotrophic algae
holds significant long-term promise because of their
ability to produce lipid molecules that can be converted
for blending with petroleum-derived crude that can be
refined to form fuels, high areal lipid productivity, and
use of marginal inputs (nonarable land, brackish water
or sea water, and carbon dioxide). The highest reported
sustained biomass productivities of ~25 grams biomass/
m2/day are about one-third of estimated practical theoretical maximum productivity of ~75 grams biomass/
m2/day (Eroglu et al. 2011). Oleaginous phototrophic

Microorganisms Engineered to Produce Gasoline, Diesel, and Jet Fuel Molecules

Source

Type

References

Fatty acids

Fatty acid ethyl esters

Kalscheuer et al. 2006; Steen et al. 2010; Zhang et al. 2012

Fatty alcohols

Steen et al. 2010

Linear alkanes

Schirmer et al. 2010

Alkenes

Beller et al. 2010; Rude et al. 2011; Sukovich et al. 2010

Methyl ketones

Goh et al. 2011

Branched alcohols

Chou and Keasling 2012; Withers et al. 2007

Branched and cyclic alkanes

Lee et al. 2008; Peralta-Yahya and Keasling 2010; PeraltaYahya et al. 2011; Renninger and McPhee 2008; Rude and
Schirmer 2009; Ubersax and Platt 2010

Butanol

Atsumi et al. 2008a; Berezina et al. 2010; Lan and Liao
2012; Nielsen et al. 2009; Steen et al. 2008

Other alcohols

Atsumi et al. 2008b, 2009; Chen et al. 2011; Higashide et
al. 2011; Huo et al. 2011; Li et al. 2012; Smith et al. 2010

Isoprenoids

Alcohols with alkyl chain
lengths longer than ethanol
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cells typically show less accumulation of lipids (30–40
competitive with the incumbent petrochemicals to
percent of dry cell weight) under nutrient limitation relachieve market penetration. Therefore, the overall
ative to heterotrophic cells, which have been reported
objectives for bio-based chemicals are both to create
to accumulate up to 70–80 percent of dry cell weight
new metabolism to enable the synthesis of new products
under similar conditions.
and to push the performance of resulting biocatalysts
Recent research by Synthetic Genomics–ExxonMobil
to their theoretical limits in terms of yield, titer, and
and others suggests that the development of economiproductivity to achieve favorable economics.
cal algal biofuel processes will not be achieved through
The best example of engineered bio-based chemicals
modestly engineered native cells. The relative absence
production is 1,3-propanediol (PDO), which remains
of methods to target transgenes into specific chromothe industry benchmark for development of a nonnatusome locations means that exhaustive rounds of sequenral commodity chemical. In a traditional genetic engitial gene introduction and subsequent screening and/or
neering tour de force, DuPont and Genencor engineered
selection are needed to obtain engineered cells that sucEscherichia coli to produce PDO, which was piloted and
cessfully and stably express multiple desired transgenes.
commercialized by Tate and Lyle (2007). The successful
Growth rates averaging one or at best two doublings per
microbial catalyst had over two dozen genetic changes
day significantly lengthen this process. More significant
and required a decade of effort and over $100 million to
metabolic engineering is necessary, and can be achieved
complete the genetic engineering.
only through the use of
TABLE 2 Existing or Planned Chemicals Produced Using Biology
semi- or fully synthetic
algae cells.
Chemical
Feedstock
Company
Three major improve1,3-Propanediol
Sugar
DuPont, Tate & Lyle, Genencor
ments are required for eco(Danisco)
nomical fuel production:
improved photosynthetic
Adipic acid
Veg. oils
Verdezyne
efficiency in mass culture;
1,4-Butanediol (BDO)
Sugar
Genomatica
greater channeling of fixed
carbon into higher fuel valIsobutanol
Sugar
Gevo, Butamax (BP & DuPont)
ue lipids; and development
of robust, “domesticated”
Polylactic acid (PLA)
Sugar
Galactic, PURAC Corporation,
Cargill, Archer Daniels Midland
algal cell lines that persist
Company (ADM)
and compete in lower-cost
open or semiopen environPoly-B-hydroxybutyrate (PHB)
Sugar
ments. The development
Isoprene
Sugar
Genencor (Danisco), Goodyear Tires
of synthetic chromosome
technology for algae will
3-Hydroxypropionate
Sugar
Cargill, Novozymes – route to
accelerate the development
acrylate – OPX
of algal strains with coorButadiene from syngas
Carbon monoxide
LanzaTech and Invista
dinated, predictable, and
stable expression of desired
“Modified lipids”
Natural gas
Calysta Energy
metabolic modifications.
Chemicals

Many petrochemicals are
accessible through microbial metabolic pathways.
Although there is an
increasing market pull for
renewable products, their
production must be cost

Fatty alcohols

Sugar

LS9

Biofene??

Sugar

Amyris

Succinic acid and adipic acid

Sugar

Bioamber

C4 diacids: fumaric and
malic acid

Sugar

Itaconic acid

Sugar
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Since the development of PDO, several other commodity chemicals are approaching commercialization
(Table 2). For these products and others on the horizon, the low price points and margins of most commodity chemicals fail to support the development cost and
timelines required of traditional genetic engineering
approaches and demand more modern approaches to
strain development.
Food and Feed Applications

The challenge of feeding a growing population with
healthier alternatives in an environmentally sustainable
manner is significant. The United Nations’ Food and
Agriculture Organization estimates that the worldwide
food supply will need to increase by 70 percent by 2050
(FAO 2009). Successful efforts will provide healthier
foods, which will reduce the prevalence of chronic diseases, such as cardiovascular disease and diabetes, that
impair quality of life and create a significant economic
burden on the global healthcare system (WHO 2003).
These goals must be achieved, however, in the face of
several long-term constraints. First, the availability of
cultivatable land is limited and will be further restricted
by competing demand from a growing population and
climate change, which may result in a reduction in cultivated land area by 2050.
Second, the growing demand for animal protein
throughout the world, a trend correlated with economic
development, will intensify the need for primary food
sources. The production of 1 kilogram of animal protein requires 10 kg of vegetable or microbial protein
and 15,000 liters of water (Millstone and Lang 2008). A
similar situation exists with respect to fish supply, where
a 30-year lack of growth in wild fish harvest has driven
a growing demand for farmed fish.
Third, the availability of essential nutrients, such as
nitrogen, phosphorus, and nonbrackish water, will be limited and increasingly costly (Déry and Anderson 2007;
Fry and Haden 2006). This constraint will severely limit
the world’s ability to achieve higher crop yields through
chemically intensive agronomic practices, which have
been used in developed countries to improve yield.
It is estimated that the combined effects of climate
change, land degradation, cropland losses, water scarcity, and species infestations may cause projected yields
to be 5–25 percent short of demand by 2050 (Sheeran
2009). The production of foods that are healthier, on
marginal land with fewer chemical inputs and yields
that can support a growing population, will be enabled
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by the application of synthetic genomic technologies to
develop improved or novel plant, animal, and microbial
food sources, as described in the following sections.
Terrestrial Crops
The introduction of genetically engineered crops in the
1990s highlighted both the yield improvement promise
of this technology and environmental and public acceptance concerns that will have to be addressed before its
broader-scale adoption.

Semisynthetic crops
may feature enhanced
photosynthetic efficiency,
drought resistance, salt
tolerance, and production of
beneficial micronutrients.
Initial plant genetic engineering efforts involved the
introduction of single genes to inhibit insect damage
(e.g., Bt toxin) or facilitate the use of broad-spectrum
herbicides (e.g., glyphosate resistance) for a limited
number of high-acreage crops, corn, soybean, and rapeseed canola. Synthetic genomics technologies (e.g.,
for synthetic chromosomes) are needed to consolidate
the larger number of simultaneous genetic changes, or
“stacked traits,” required either to combine beneficial
traits or to provide for multigenetic traits and introduce
them with a single transformation event.
Major food-producing crops will be “semisynthetic”:
they will contain at least one synthetic chromosome
that encodes genes driving multiple beneficial traits
such as enhanced photosynthetic efficiency, drought
resistance, salt tolerance, and production of beneficial
micronutrients. These synthetic chromosomes will be
introduced into a variety of genetic backgrounds that are
better suited for growth in broader geographical regions.
Conventional breeding techniques will be a thing of
the past, replaced by molecular breeding techniques in
which plant variants are crossed based on knowledge
of differences in their genomic sequences. Molecular
breeding will be used in a variety of cereal grain and
vegetable crops, such as sorghum, pearl millet, quinoa,
potatoes, tomatoes, and beans.
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genetically modified microorganisms. Ingredients produced by the latter, through microbial fermentation,
Animals and fish used as food sources are exclusively
include amino acids, acidulants (e.g., citric acid), texthe product of natural or conventional breeding. Recent
turizing ingredients (e.g., xanthan gum), enzymes, and
advances enabling the introduction of genes in multiple
colorants. A fungal microorganism, Fusarium venenaanimal species and the cloning of whole organisms have
tum, is the source of a vegetarian, but expensive, progenerated speculation about the potential of using transtein source, Quorn™, which is increasingly available in
genic animals as food sources. Two developments of note
packaged food products (Wiebe 2004).
include reports of a transgenic pig modified to have a
Cultivated, highly productive photosynthetic
healthier, omega-3 fatty acid–rich profile (Lai et al. 2006)
microalgae
will become a major new food and feed
and a transgenic Chinook salmon modified to grow twice
ingredient source. These simple plants will be semias fast as its natural counterpart (Marris 2010).
or wholly synthetic, designed to produce macro- and
Analogous to the situation described for terrestrial
micronutrients with significantly higher productivity
crops, bioengineered animals that exhibit faster growth
and areal yield than natural counterparts. A single-cell
rates, improve yield on costly feed ingredients, and pro“algal bean” will provide a renewable and sustainable
vide healthier sources of meat protein will be readily
supply of oil, flour, and protein for use as food and feed
available in 2050. Genetic engineering efforts are likely
ingredients.
to focus on reducing the amount of saturated fat, with a
Why microalgae? They are simple, single-cell plants
commensurate increase in the amount of monounsatuthat can achieve significantly higher areal productivirated and polyunsaturated fat, and partially replacing
ties on marginal land with nonpotable water and limcholesterol with plant sterols.
ited nutrient inputs. Current oil and protein yields of
Microbial Food Sources
natural microalgae already are severalfold higher than
those achieved in terrestrial crops, and can theoretiA number of commonly used food ingredients are
cally go much higher with appropriate engineering,
produced using natural, classically improved, and/or
as shown in Figure 2. Economic modeling indicates
that achievement of the
yields shown in Figure 2 can
result in production costs
comparable to those for
traditional crops. Furthermore, microalgae are inherently excellent sources of
beneficial nutrients such as
long-chain polyunsaturated
omega-3 fatty acids, carotenoids, antioxidants, and
certain vitamins.
Development of algae
crops, however, will require
significant engineering to
further increase yield necessary for cost reduction,
tailor nutritional, taste,
and texture profile for consumption by animals and
humans, and provide meaFIGURE 2 Comparative plant oil and protein yields from microalgae and major terrestrial crops. sures for appropriate biocontainment.
ha = hectare.
Meat-Producing Animals
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Ethical, Legal, and Social Implications of
Synthetic Biology

Synthetic biology combines methods for the chemical
synthesis of DNA with computational techniques for
DNA design. As discussed above, these new techniques
have the potential to accelerate scientific and technological progress in a variety of areas. But they also present challenges:
• Synthetic biology can be “dual-use”— in addition
to useful advances for society, it provides those with
nefarious intent new ways to cause harm.
• Improvements in the speed and cost of DNA synthesis are opening the field to new participants (e.g.,
engineers and computer scientists) who must be
trained to work safely in the lab.
• New products made using these new techniques must
be reviewed and reviewable by a regulatory system
that was designed for earlier generations of genetic
engineering.
• The ability to modify life in new ways will challenge
many and offend some.
• Finally, and just as important from a policy perspective, the controversies that have surrounded the use
of genetic engineering for the last several decades
remain and perhaps even dominate the policy debate
surrounding synthetic biology.
Biosecurity

Biosecurity was the first societal concern related to
synthetic biology to reach the attention of policymakers, beginning with the synthesis in 2002 of an infectious poliovirus constructed in the laboratory directly
from nucleic acids by Eckard Wimmer and colleagues
(Cello et al. 2002). While this work was built on methods slowly developed over the prior 30 years, the paper
demonstrated for the first time in a post–September 11
world the feasibility of synthesizing a complete human
pathogen using only the published DNA sequence and
mail-ordered raw materials. Wimmer and his coworkers
required about a year to synthesize the approximately
7500 bp poliovirus. In 2004, a team at the Venter Institute (JCVI) synthesized a similar size virus (phiX‑174,
which infects bacteria rather than humans) in about
two weeks. The biosecurity implications of the new
technology reached the attention of policymakers in
both Congress and the administration.
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In 2004, in response to these developments, the
National Institutes of Health (NIH) established the
National Scientific Advisory Board for Biosecurity
(NSABB) to provide advice about dual-use biological
research (i.e., research with legitimate scientific purpose that may be misused to pose a biologic threat to
public health and/or national security). Synthetic biology falls within NSABB’s purview.

Cultivated, highly productive
photosynthetic microalgae will
become a major new food
and feed ingredient source.
In 2010, the US Department of Health and Human
Services (HHS) published Screening Framework Guidance for Providers of Synthetic Double-Stranded DNA,
“to minimize the risk that unauthorized individuals or
individuals with malicious intent will obtain ‘toxins
and agents of concern’ through the use of nucleic acid
synthesis technologies” (HHS 2010, 3). It is now standard practice for suppliers of synthesized DNA (e.g.,
SGI-DNA, a subsidiary of Synthetic Genomics, Inc.) to
screen orders to determine whether they contain dangerous “sequences of concern” and to make sure customers
are legitimate research users. However, the 2010 HHS
guidance for screening synthetic nucleotides applies only
to providers of synthetic double-stranded DNA.
Biosafety

Commercial products that might cause harm to the
environment or human health are subject to a long
list of federal laws and regulations. The US oversight
and regulatory framework for products developed using
genetic engineering—including synthetic biology—
stems from the 1986 Coordinated Framework for Regulation of Biotechnology (OSTP 1986). The Coordinated
Framework assigned primary responsibility for regulating the products of biotechnology to three agencies:
the Food and Drug Administration (FDA), the Animal and Plant Health Inspection Service (APHIS) of
the US Department of Agriculture (USDA), and the
Environmental Protection Agency (EPA), using an
array of laws in place at the time. The key laws are the
Food, Drug, and Cosmetic Act (for food products and
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animal biotechnology), the Plant Pest Act (for plant
biotechnology), and the Toxic Substances Control Act
(for microbes).
The public likely expects that any living organisms
modified by synthetic biology and intended for market
will first be reviewed for possible adverse effects to the
environment or human health. Although the Coordinated Framework has been in place for more than 25 years, it
is still controversial. Known harms to the environment
or human health from introduced, genetically engineered products have been minimal, but some view the
current system as too lax, others as too burdensome.
Ethical Issues

Ethical issues related to synthetic biology were reviewed
by the Presidential Commission for the Study of Bioethical Issues (PCSBI) in response to a request by
President Obama after the JCVI announcement of the
creation of the first self-replicating synthetic genome
in a bacterial cell. The resulting report, New Directions:
The Ethics of Synthetic Biology and Emerging Technologies (PCSBI 2010), presents 18 recommendations; the
major recommendation is that the “Federal government
start to coordinate and oversee what all Federal agencies
are doing in the field of synthetic biology.”1 The report’s
authors “do not recommend that additional agencies or
oversight bodies need to be created to oversee synthetic
biology,” but “do recommend that the government stay
current on the advances with the science and remain
forward looking about the potential benefits and risks
to the public.”2
Required Advances in Synthetic Biology
Technology

Just as a new building must have both a good design and
robust, sound, and efficient methods for construction,
so do new bio-based processes require more complete
knowledge of cellular design and cost-effective and efficient cell construction methods. Major gaps in knowledge of gene structure-function relationships and of the

1

Quoted from the report website, “Synthetic Biology FAQs:
What are the major findings of the synthetic biology report?”
(www.bioethics.gov/node/353).
2

On a historical note, the earliest look at the ethical and societal implications of synthetic biology was by Cho and colleagues
(1999). Interestingly, the societal concerns they identify are similar to those identified above, though the relative emphasis of concerns differs somewhat from today’s policy discussions.

hierarchical regulatory networks that dictate temporal
metabolic activity, coupled with several limitations in
the ability to accurately synthesize and assemble large
strands of DNA “software,” have hampered the development of complex engineered cells.
Further advances in synthetic biology technologies
are needed to achieve greater penetration of bio-based
manufacturing processes. First, the cost of synthesizing
and assembling DNA must drop by two orders of magnitude to facilitate large-scale engineering of microbial,
plant, and animal systems. DNA synthesis and assembly
costs are projected to decrease significantly during this
decade. Low cost must be accompanied by high accuracy in systems where even one error in the genome
may be lethal (Gibson et al. 2010). Second, more robust
methods of introducing and activating synthetic chromosomes in higher organisms must be developed. Third,
knowledge of the biological conversion of genotype
(genes present) to phenotype (trait[s]) must increase
exponentially in order to inform rational engineering or
breeding of biological systems. It is not enough to have
the tools to build an organism. What is it that needs to
be built? Fourth, tools to diagnose and troubleshoot engineered cells must continue to improve, much as tools to
troubleshoot errors in complex software have evolved.
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NAE News and Notes
NAE Newsmakers
Paul Adams, chief operating officer, Pratt & Whitney, was inducted
into the University of Connecticut’s Academy of Distinguished
Engineers at a ceremony on May
2, 2013. Mr. Adams received the
2013 Distinguished Engineering
Leadership Award for his career
accomplishments and dedication to
the future generation of engineers.
The award is presented to individuals who “have generously provided
service, time, and resources, thereby
helping the School of Engineering
attain its highest goals and ideals.”
Kristi Anseth, investigator,
Howard Hughes Medical Institute;
Department of Chemical and Biological Engineering, University of
Colorado Boulder, has been selected
to receive the 2013 Hazel Barnes
Prize, the highest faculty recognition for teaching and research
awarded by the University of Colorado Boulder. Dr. Anseth will receive
an engraved university medal and
a $20,000 cash award, the largest
single faculty award funded by CU
Boulder. She was recognized at the
university’s spring commencement
ceremony on May 10, 2013, and at
a reception afterward. Dr. Anseth
is known internationally for her
innovative biomaterials and regenerative medicine research. She leads
a team of faculty and students who
are developing biodegradable “scaffolds” to stimulate the growth of
new human tissues to replace those
lost by injury or disease.
NAE foreign associate Kenichi
Iga, retired president, Tokyo Institute of Technology, received the

2013 Bower Award and Prize for
Achievement in Science from the
Franklin Institute, whose mission
is to inspire a passion for learning about science and technology.
Dr. Iga received the award for “the
conception and development of
the vertical cavity surface emitting
laser and its multiple applications to
optoelectronics.”
Brewster L. Kahle, digital librarian, Internet Archive, has been
named winner of the 2013 Library
and Information Technology Association (LITA) Library Hi-Tech
Award for Outstanding Communication in Library and Information
Technology. Emerald Group Publishing Limited and LITA sponsor the
award, which recognizes outstanding
individuals or institutions for their
long-term contributions in the area
of library and information science
technology and its application.
Kuo-Nan Liou, Distinguished
Professor of Atmospheric Sciences
and Director of the Joint Institute
for Regional Earth System Science
and Engineering, University of
California, Los Angeles, has been
awarded the 2013 American Geophysical Union Roger Revelle
Medal. This award was established
in 1991 in honor of Oceanographer
Roger Revelle and his pioneering
work in increasing awareness of
global change, and recognizes scientists for their “outstanding contributions in atmospheric sciences,
atmosphere-ocean coupling, atmosphere-land coupling, biogeochemical cycles, climate, or related aspects
of the Earth system.” The award will

be presented to Dr. Liou at the 2013
AGU Meeting in San Francisco
December 9–13.
Professor C.T. Liu, university
distinguished professor, Center for
Advanced Structural Materials,
College of Science and Engineering, City University of Hong Kong,
has been selected for the first International Science and Technology
Cooperation Award by the Jiangsu
Provincial Government for his outstanding research on high-performance alloys and contributions to
the technological development of
Jiangsu Province. The award honors foreign scientists who promote
technology advancement, exchange
and development of professionals,
and the enhancement of industrial
development in Jiangsu.
Asad M. Madni, president, chief
operating officer, and CTO (retired)
of BEI Technologies Inc. and independent consultant, has been elected
a Fellow of the American Institute
of Aeronautics and Astronautics
(AIAA) for “seminal contributions
and distinguished leadership in the
development and commercialization
of sensors and systems for aerospace,
transportation and commercial aviation.” AIAA is the world’s largest
technical society dedicated to the
global aerospace profession. AIAA
Fellows are persons of distinction who have made notable and
valuable contributions to the arts,
sciences, or technology of aeronautics or astronautics. New fellows
were honored with a certificate and
pin at the AIAA Fellows Dinner on
May 7, 2013.
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John K. Ousterhout, professor of
computer science, Stanford University, and Mendel Rosenblum, associate professor of computer science,
Stanford University, are co-recipients of the 2014 Institute of Electrical and Electronics Engineers
(IEEE) Reynold B. Johnson Information Storage Systems Award,
which honors outstanding contributions to information storage systems, with emphasis on computer
storage systems. They were cited
“for fundamental contributions to
the design and implementation
of log-structured file and storage
systems.”
Rebecca R. Richards-Kortum,
Stanley C. Moore Professor of Bioengineering, Department of Bioengineering, Rice University, and
her colleague, Maria Oden, are the
recipients of the 2013 LemelsonMIT Award for Global Innovation
honoring individuals whose technological innovations improve the
lives of impoverished people in the

developing world. In 2006 the two
awardees developed the Beyond Traditional Borders (BTB) engineering
design initiative, which has guided
more than 3,000 student inventors
and resulted in 58 health innovations that help 45,000 people in 24
countries. BTB students work with
clinical partners around the world
to identify health challenges, and
build and test prototypes for lowcost health solutions for use in the
developing world. The award recipients plan to donate the $100,000
prize money to a project that will
renovate the neonatal ward at their
partner hospital in Malawi.
Gregory Stephanopoulos, Willard Henry Dow Professor of
Biotechnology and Chemical Engineering, Massachusetts Institute
of Technology, was honored as the
recipient of the John Fritz Medal
presented by the American Association of Engineering Societies
(AAES) at a banquet and ceremony
in Washington, DC, April 22, 2013.

The award is presented each year for
scientific or industrial achievement
in any field of pure or applied science. Dr. Stephanopoulos received
the award for “the pioneering and
groundbreaking development of the
body of technology for cost-effective
production of life- and resource-saving chemical compounds by microorganisms and a founding father of
the field of metabolic engineering.”
NAE foreign associate Dr. Daniel Weihs, Distinguished Professor
and Head, Technion Autonomous
Systems Program, Technion-Israel
Institute of Technology, was elected
a member of the Israel Academy of
Sciences and Humanities. Based
in Jerusalem, the Academy was set
up in 1961 by the State of Israel
to foster contact between scholars
from the sciences and humanities in
Israel, to advise the government on
research projects of national importance, and to promote excellence.

Vest Dinner
Dr. Charles M. Vest, president
emeritus of the NAE, and his wife,
Rebecca Vest, were celebrated by
100 friends, family members, and
colleagues at a dinner on Thursday, May 9. Toasts throughout the
evening highlighted the Vests’
tremendous contributions to the
engineering profession during their
time at West Virginia University,
University of Michigan, MIT, and
NAE. Norman Augustine, Henry
Yang, James Duderstadt, and many
others hailed Dr. Vest as a visionary
leader who was never afraid to do
what was hard to accomplish what
was right. They cited as examples
the decision to develop OpenCourseWare at MIT when he was

Charles M. Vest with Virginia Moyles and Richard Simmons.

president and his refusal to accept
the Justice Department’s directive
not to cooperate with other universities in determining need-based
financial aid for undergraduates.

Priscilla Gray, who preceded Mrs.
Vest as first lady of MIT, described
Mrs. Vest as a leading figure in the
MIT community who made others
feel welcome.
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Wm. A. Wulf, Charles M. Vest, and C.D. Mote Jr.

Ray Stata and Charles M. Vest.

To honor Dr. Vest’s leadership
and service to the NAE, friends
and colleagues set up the Charles
M. Vest President’s Opportunity Fund
to provide the resources necessary
to initiate new NAE programs and
bolster existing ones, beginning in
2014. Dr. Maxine Savitz, NAE Vice

To learn more about making a gift
to the Vest President’s Opportunity
Fund, please contact Radka Nebesky, NAE’s Director of Development, at RNebesky@nae.edu or
202.334.3417.

President, thanked donors who
have made significant contributions
to the fund, including Ray Stata,
Richard and Virginia Simmons,
Charles and Ann Holliday, Paul
and Margaret Citron, and Arnold
and Constance Stancell, among
those in attendance that evening.

China-America Frontiers of Engineering Held in Beijing
The third China-America Frontiers
of Engineering Symposium was held
May 15–17 at the headquarters of
the Chinese Academy of Engineering (CAE) in Beijing. NAE member
Xiang Zhang, Ernest S. Kuh Endowed
Chair and professor of mechanical
engineering at the University of California, Berkeley, and Zhihua Zhong,
director-general of the Chongqing
Science and Technology Commission, cochaired the symposium.
Consistent with the design of
the bilateral FOEs, this meeting
brought together approximately 60
engineers, ages 30–45, from US and
Chinese universities, companies,
and government labs for a 2½-day
meeting where leading-edge developments in four engineering fields
were discussed. The four session
topics were Nanotechnology – Synthesis, Functionality, and Applications; The Future Internet and the

Internet of Things; Bio-MEMS; and
Solar Energy.
As described by the organizers of
the session on nanotechnology, the
ability to rationally synthesize, characterize, and hierarchically assemble
materials with nearly atomic control
is a key underlying principle of nextgeneration nanotechnologies. Talks
in this session highlighted the interdisciplinary nature of this field and
covered techniques for investigating
at small dimensions, recent research
developments, and the use of nanomaterials in devices such as lightemitting diodes, nanoscale lasers,
sensors, and computational circuits.
The first speaker described nanoscale
phase change memory work in real
time via in situ electron microscopy. This was followed by presentations on large-scale production and
applications of graphene materials,
fabrication of 3D nanolattices, and

assembly methods of nanomaterials
for printing applications.
The second session covered two
aspects of the Internet: The Future
Internet and the Internet of Things
(IoT). Speakers in the Future Internet portion of the session described
two emerging research trends that
may alleviate the challenges caused
by the massive growth and popularity of online services. One is
software-defined networks, a new
paradigm that moves network control and management from fixed
function hardware to software
running on standard server platforms.
The other is named data networking,
a general purpose network protocol
built on requests for named data
rather than host-to-host connections.
The phrase “Internet of Things”
refers to tagging objects in the
physical world and linking them to
the information network, thereby
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achieving efficient and smart use of
material resources in spheres such
as smart grids, intelligent transport,
and health care. The speakers in
this portion of the session discussed
some technologies that may help
achieve this connectedness. One
is TD-LTE, an innovation in nextgeneration mobile communications
applied to intelligent transportation
systems. A second is a more energyefficient WiFi fingerprint-based,
indoor locationalization technology
using a low-power radio.
The Bio-MEMS session speakers
described how this technology can
address challenges in diagnostic medicine in the areas of disease detection,
sample processing, and analysis. Presentations covered scalable microand nanostructured interfaces for
safer and more efficacious drug
delivery, use of microfluidic devices
to study dynamic cellular activity at
single-cell resolution, methods and
technologies for changing the paradigm for translational development
of point-of-care clinical diagnostic platforms, and conformal and
stretchable microelectrode arrays for
implantation that can overcome the
mismatch between biological tissue
and electronic devices.
The last session of the meeting,
on solar energy, described the chal-

lenges posed by increasing global
demand for electricity and the
important role renewable energy
sources, in particular solar energy,
could play in meeting this need.
However, for this to happen, cost
reduction brought about by innovations in solar cells, modules, and
systems is needed. The session started with a presentation on the cost
drivers of solar energy technology,
cost-reduction potentials of various innovative photovoltaic (PV)
technologies, and opportunities for
China and the United States to collaborate in the PV industry. This
was followed by talks on advances
in monocrystalline silicon solar cell
architectures at Trina Solar Ltd.,
which supplies 5 percent of the
global solar cell market; high-efficiency and low-cost thin-film solar
cells; and high-efficiency solar cells
for concentrating photovoltaics.
In addition to the formal sessions,
a poster session was held on the first
afternoon, which served as both an
icebreaker and an opportunity for
all participants to share information
about their research and technical work. The Confucius Institute,
a nonprofit organization that promotes Chinese culture around the
world, hosted a dinner for attendees
on the first evening. On the second

afternoon, the group toured the
solar roof at CAE headquarters and
then visited ENN Group, a private
company in Langfang that focuses
on clean energy research and production and has businesses in gas
distribution and solar cell production, among others. Among the
sites visited at ENN were its silicabased thin film solar panel production line, the State Key Laboratory
of Coal-based Low Carbon Energy,
ENN Energy Ecocity, and the Ubiquitous Energy Network Digital
Center. The tour was followed by
a Q&A session with Dr. Zhongxue
Gan, ENN vice chairman, CTO/
chief scientist, and CEO of ENN
Intelligent Energy Group, and a
banquet at ENN’s golf club. In addition to these events during the symposium, CAE kindly arranged for a
side trip to the Great Wall for US
attendees who stayed an extra night
after the meeting ended.
The program, list of attendees,
and presentation slides are available at the CAFOE link at www.
naefrontiers.org.
Funding for this activity was provided by The Grainger Foundation
and the National Science Foundation.
The next CAFOE meeting will take
place in the United States in 2015.
The NAE has been hosting an
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annual US Frontiers of Engineering
meeting since 1995, and has additional bilateral Frontiers of Engineering programs with Germany,
Japan, India, and the European
Union. In 2014, a joint Frontiers
of Science and Engineering symposium organized with the National
Academy of Sciences will be held in
Brazil. All the FOE symposia bring
together outstanding engineers from
industry, academe, and government
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at a relatively early point in their
careers (all participants, including
speakers and organizers, are 30–45
years old). The meetings are an
opportunity for attendees to learn
about developments, techniques,
and approaches at the forefront of
fields other than their own, something that has become increasingly important as engineering has
become more interdisciplinary. The
program also facilitates the estab-

lishment of contacts and collaboration among the next generation of
engineering leaders.
For more information about the
activity, or to nominate an outstanding engineer to participate
in future Frontiers meetings, go to
www.naefrontiers.org or contact
Janet Hunziker at (202) 334-1571
or jhunziker@nae.edu.

Dr. Eric Kaler, president of the
University of Minnesota and NAE
member, welcomed members and
the public to the symposium. He
emphasized the importance of
interdisciplinary research in solving
grand challenges and previewed the
public symposium in which University of Minnesota faculty from six
different colleges presented their
research. Dr. Maxine Savitz, vice
president of the NAE, delivered
the opening remarks and discussed
the important work of the National
Academies, including the NAE, in
recognizing extraordinary research
and scholarship at institutions
across the United States.

The first presentation, “Can We
Feed a Growing World and Sustain
the Planet?,” was by Dr. Jon Foley,
director of the university’s Institute
on the Environment and McKnight
Presidential Chair of Global Sustainability; his work has contributed to understanding of global food
security, patterns of land use, and
the sustainability of the biosphere.
Next was Dr. Anu Ramaswami,
professor at the university’s Humphrey School of Public Affairs and
a leading scholar on sustainable
urban infrastructure; her work has
been adopted in policies and protocols for developing sustainable cities in both the United States and
around the world. She spoke about
“Building Sustainable, Healthy, and
Resilient Cities Globally: Translating Research to Action.”
The next presentation, “ManMade, Mammalian-Transmissible
H5N1 Influenza Virus: Engineering a Potential Global Catastrophe,” was delivered by Dr. Michael
Osterholm, director of the university’s Center for Infectious Disease
Research and Policy and an international leader in infectious disease
epidemiology and the use of biological agents as catastrophic weapons.
In addition to man-made viruses,

NAE Regional Meetings
University of Minnesota Hosts
Regional Meeting of the NAE

The University of Minnesota
hosted a regional meeting of the
National Academy of Engineering
(NAE) on April 29, 2013, at the
university’s McNamara Alumni
Center. The meeting included a
business meeting of NAE members and a public symposium titled
“From Grand Challenges to Grand
Solutions: Moving from Knowledge Generation to Real World
Action.” The event, attended by
approximately 15 NAE members
and 60 members of the public,
featured the work of faculty from
around the university.

(L–R) NAE members Eric Kaler, president; Ted Galambos, professor emeritus of civil
engineering; Steven Crouch, dean, College of Science and Engineering; Charles
Fairhurst, professor emeritus of civil engineering; and Frank Bates, professor of chemical
engineering, all at the University of Minnesota.
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Dr. Osterholm discussed the most
recent challenges associated with
infectious diseases and recent outbreak of bird flu in China.
Dr. Katey Pelican, lead for the
Ecosystem Health Initiative and
University Partner colead for the
USAID RESPOND Project, spoke
on “Global One Health: Lessons
Learned in Making the LandGrant Mission Global.” A professor in the university’s College of
Veterinary Medicine, Dr. Pelican
discussed health issues at the intersection of animals, humans, and the
environment.
The next presentation, “Accounting for Nature: Incorporating the
Value of Ecosystem Services into
Decision Making,” was by Dr. Stephen Polasky, Fesler-Lampert Professor of Ecological/Environmental
Economics in the university’s College of Food, Agricultural, and Natural Resource Sciences. Dr. Polasky
is an international expert on biodiversity conservation, endangered
species policy, and the use of ecological models in land use planning.
The final presentation was by Dr.
Julian Marshall, assistant professor in
the university’s Department of Civil
Engineering. His talk was on “The
Acara Program: Social Entrepreneurship to Address Global Grand Challenges.” Dr. Marshall cofounded and
codirects the Acara Program, which
consists of university courses and
incubations to help passionate students launch ventures that address
social and environmental grand
challenges on a local or global level.
Closing remarks were made by Dr.
Steven Crouch, dean of the university’s College of Science and Engineering and 2013 NAE inductee,
and the day concluded with a wine
and cheese reception.

University of Arizona Hosts
NAE Regional Meeting on
Past, Present, and Future
Explorations of Astronomy,
Optics, and Large Telescopes

An NAE regional meeting was held
on May 20, 2013, at the College of
Optical Sciences (OSC) at the University of Arizona, long known for
its optics, astronomy, and lunar and
planetary research. Five professors
from the university described past,
present, and future space explorations, astronomy, and large telescope research projects.
The 100-plus attendees were welcomed by C. D. Mote Jr., presidentelect of NAE; Tom Koch, dean of
OSC; and James C. Wyant, founding dean of OSC.
The technical part of the program commenced with Dante S.
Lauretta, a professor in the Lunar
and Planetary Laboratory and the
Department of Planetary Sciences
and leader of NASA’s OSIRIS-REx
Asteroid Sample Return Mission.
He explained that OSIRIS-REx is
the United States’ premier mission
to visit one of the most potentially
hazardous near-earth asteroids, survey it to assess its impact hazard
and resource potential, understand
its physical and chemical properties, and return a sample to Earth
for detailed scientific analysis. This
mission is scheduled for launch
in 2016 and will rendezvous with
asteroid 1999 RQ36 in 2018; sample
return to Earth is to occur in 2023.
Olivier Guyon, professor of
astronomy and optical sciences
and recent MacArthur Foundation
“Genius Grant” winner, described
optical tricks to find and study habitable worlds around other stars.
Much of the presentation involved
large, complex, and expensive systems for finding habitable plan-

ets, but he also gave a fascinating
description of how citizen scientists,
students, and amateur astronomers
can help discover exoplanets using
digital cameras. Project PANOPTES (Panoptic Astronomical
Networked Optical Observatory
for Transiting Exoplanets Survey;
http://projectpanoptes.org) has a
goal of enabling a worldwide network of low-cost imaging units for
exoplanet transit discoveries.
Buell T. Jannuzi, director of the
University of Arizona’s Steward
Observatory and former director of
Kitt Peak National Observatory,
gave some of the history of Steward Observatory, which dates back
to 1916, and discussed several large
telescopes designed and constructed
at the university. Early telescopes
included two 150-inch telescopes for
the Kitt Peak and Cerro Tololo InterAmerican observatories. These were
followed in the 1970s by the pioneering Multiple Mirror Telescope
(MMT), which had six 72-inch mirrors; these were replaced with a single 6.5-m mirror in 2000. The MMT,
the first telescope to use a compact
“nondome” enclosure, was the precursor to the Large Binocular Telescope (LBT), which consists of two
8.4-m diameter primary mirrors. Professor Jannuzi briefly described some
current and future telescope projects,
which were discussed in more detail
by the next speaker.
James Burge is professor of optical
sciences and astronomy and principal
investigator and technical lead for
projects that develop and implement
advanced technologies for building
and testing large optical systems and
telescope mirrors as well as groundand space-based telescopes. He talked about the next generation of giant
ground-based telescopes that will be
built during the next decade and
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described both optical fabrication
and optical testing challenges. He
discussed the Giant Magellan Telescope, the Advanced Technology
Solar Telescope, the Large Synoptic
Survey Telescope, the Thirty Meter
Telescope, and the 20/20 Telescope.
The last speaker was Roger P.
Angel, Regents Professor of Astronomy and Optical Sciences and
founder of the Steward Observatory
Mirror Lab. Professor Angel, who is
a member of the National Academy
of Sciences and the American Academy of Arts and Sciences, a fellow of
the Royal Society, a former MacArthur Fellow, and a co-recipient of the
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2010 Kavli Prize in Astrophysics, has
developed concepts and technology
for some of the most powerful astronomical telescopes, including the
Large Binocular Telescope and the
planned Giant Magellan Telescope.
He discussed his current work on
novel ways to harvest solar energy
by using the design and mirror fabrication techniques learned making
large telescopes to focus sunlight
onto small but powerful photovoltaic
cells and also onto thermal receivers
to heat liquid to be stored for nighttime generation. Both approaches
are designed to use mass-produced,
self-supporting glass mirrors and in

combination promise 24/7 solar electricity at a cost competitive with fossil fuel generation.
A reception followed the lectures.
Most of the attendees also took a
tour of the UA Steward Observatory Mirror Laboratory, where a
team of scientists and engineers produce giant, lightweight mirrors with
diameters up to 8.4 meters for a new
generation of optical and infrared
telescopes. After the tour there was
an NAE business meeting and dinner for the 14 NAE members who
attended the meeting.

Commonweal and National Academies Interns
Join NAE Program Office

Abby Estabillo

Abby Estabillo is a third-year intern
of the Commonweal and National
Academies Internship Program,
spending her second summer working for the National Academy of
Engineering with Senior Program
Officer Catherine Didion. Abby
is writing blogs and articles for the
EngineerGirl website, an online
resource for students of all ages to
explore and learn about different
fields of engineering. The goal of the
articles and blogs is to capture teenage girls’ interest in engineering, and
Abby is researching interesting and
relatable engineering topics that precollege students will enjoy reading.
Abby is studying electrical engineer-

Sarah Gizaw

ing at Montgomery College in Rockville, Maryland, and plans to receive
her associate’s degree in spring 2014.
She will then transfer to an accredited four-year university that offers
an outstanding engineering program
to pursue her bachelor’s degree in
electrical engineering. In her spare
time, Abby loves to play basketball
and volleyball, and she plays guitar
for a local church group.
Sarah Gizaw is a third-year Commonweal and National Academies
intern who worked with Catherine
Didion in her first year at the NAE.
She is a junior at the University of
Maryland, College Park, with a major
in psychology and a minor in Span-

ish business, language, and cultures.
Her focus this summer was research
on initiatives to engage more women
in science, technology, engineering,
and mathematics (STEM) fields and
the video editing of workshops and
conferences organized by the Committee on Women in Science, Engineering, and Medicine (CWSEM).
During her internship at NAE Sarah
has learned of the many challenges
and needs of minority women in
engineering and sciences, and this
knowledge has reinforced her commitment to thrive on the pathway
to her own doctoral degree. Sarah
hopes to apply her understanding of
gender equality in STEM education
to her career aspirations in global
health policy and the healthcare
field. Along with her growing knowledge in the social sciences, she has
a strong interest in medicine, learning new languages, and film making.
She won a Best Picture award for her
short films “Words on My Hands”
(2011) and “Shoes” (2012) in Maryland Filmmakers Club Film Festivals.
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Donor Wall

To celebrate and recognize generous
supporters of the National Academy
of Engineering (NAE), National
Academy of Sciences (NAS),
Institute of Medicine (IOM), and
National Research Council (NRC),
the academies installed a donor wall
outside the auditorium in the NAS
Building in Washington, DC. Dr. C.
Daniel Mote Jr., NAE President,
said, “I am excited by the opportuni-

ty to recognize outstanding supporters and friends of the NAE in such
a prominent manner. Their backing
enables the Academy to initiate
studies that impact our people and
others around the world. This tribute to them is well deserved.”
The wall recognizes individuals in
the Einstein Society (lifetime giving of $100,000 and above) and the
Golden Bridge, Elkan Blout, IOM,

ʼ

and Friends of the NAS Societies
($20,000 to $100,000 lifetime giving) as well as corporations, foundations, and other organizations
that have contributed $1 million
or more. To find out how to make a
gift so that your name can be added
to the donor wall, please contact
Radka Nebesky at 202-334-3417 or
RNebesky@nae.edu.
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In Memoriam
AMAR G. BOSE, 83, chairman,
Bose Corporation, died July 12,
2013. Dr. Bose was elected to the
NAE in 1987 “for innovation and
leadership in the science and engineering of sound reproduction,
and for excellence in engineering
education.”
DONALD E. COLES, 89, professor of aeronautics emeritus, California Institute of Technology, died
May 2, 2013. Dr. Coles was elected
to the NAE in 1984 “for contributions to the science and engineering
of turbulent flows through his own
experiments and critical compilations of other measurements.”
DOUGLAS C. ENGELBART,
88, founder, Bootstrap Alliance/
Doug Engelbart Institute, died July
2, 2013. Dr. Engelbart was elected to
the NAE in 1996 “for work in computer user interfaces and the collaborative work systems they enable.”
JAMES P. GORDON, 85, retired,
Bell Labs, Lucent Technologies,
died June 21, 2013. Dr. Gordon was
elected to the NAE in 1985 “for fundamental contributions to quantum
electronics, including demonstration of the first maser and demonstration of the information theory of
optical communication channels.”
WOLF HAFELE, 86, retired director, Nuclear Engineering and Analytics, died June 5, 2013. Dr. Hafele
was elected a foreign associate of
the NAE in 1977 “for contributions

to the design of the first Germanbuilt reactor and the IAEA safeguard system.”
JOHN W. KALB, 94, retired director of research, the Ohio Brass Company, died June 4, 2013. Mr. Kalb
was elected to the NAE in 1980 “for
contribution of the current-limiting
gap surge arrester to the world electric power industry and the benefits
derived therefrom.”
DANIEL G. KRIGE, 93, retired
professor and private consultant,
died March 2, 2013. Professor Krige
was elected a foreign associate of the
NAE in 2010 “for development of
statistical methods and their application to resource valuation.”
JAMES W. MAYER, 83, Galvin
Professor of Science and Engineering, Ira A. Fulton School of
Engineering, Arizona State University, died June 14, 2013. Dr.
Mayer was elected to the NAE in
1984 “for original contributions to
ion implantation, Rutherford backscattering spectrometry, and other
major aspects of solid-state engineering research and education.”
JOHN P. MCTAGUE, 74, retired
professor, materials, University of
California, Santa Barbara, died
June 7, 2013. Dr. McTague was
elected to the NAE in 1998 “for
oversight and implementation of
technical transfer in the national
laboratories and leadership in automotive development.”

WILLIAM R. OPIE, 93, retired
president, AMAX Base Metals
Research & Development, Inc.,
died May 22, 2013. Dr. Opie was
elected to the NAE in 1982 “for
process innovations relating to
more efficient extraction of copper
and titanium, and devoted service
to the profession.”
JACK S. PARKER, 94, retired
vice chairman and executive officer, General Electric Company,
died May 19, 2013. Mr. Parker was
elected to the NAE in 1976 “for pioneering work in the understanding
of commercial and military aircraft
power plants and the management
of their production.”
JOSEPH L. SMITH JR., 83, Samuel C. Collins Senior Professor of
Mechanical Engineering, Massachusetts Institute of Technology, died
May 7, 2013. Dr. Smith was elected
to the NAE in 1984 “for pioneering
contributions to the analysis, design,
and fabrication of superconducting
synchronous alternators.”
HALDOR F.A. TOPSOE, 99,
president, Haldor Topsoe A/S, died
May 20, 2013. Dr. Topsoe was elected a foreign associate of the NAE in
1984 “for contributions to the innovative development of cost efficient
process technologies for the chemical industry, and for the application
of sound engineering philosophy to
worldwide industrial endeavors.”
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Publications of Interest
The following reports have been
published recently by the National
Academy of Engineering or the
National Research Council. Unless
otherwise noted, all publications are
for sale (prepaid) from the National
Academies Press (NAP), 500 Fifth
Street NW–Keck 360, Washington,
DC 20055. For more information
or to place an order, contact NAP
online at <www.nap.edu> or by
phone at (888) 624-6242. (Note:
Prices quoted are subject to change
without notice. There is a 10 percent
discount for online orders when you
sign up for a MyNAP account. Add
$6.50 for shipping and handling for the
first book and $1.50 for each additional
book. Add applicable sales tax or GST
if you live in CA, CT, DC, FL, MD,
NY, NC, VA, WI, or Canada.)
Messaging for Engineering: From
Research to Action. This report supports efforts by the engineering
community to communicate more
effectively about the profession and
those who practice it. It builds on

the 2008 NAE publication Changing the Conversation: Messages for
Improving Public Understanding of
Engineering (CTC), which presented
the results of a research-based effort
to develop and test effective messages about engineering. This report
summarizes progress in implementing the CTC messages and suggests
steps to build on progress to date.
It is the final product of the NAE
Committee on Implementing Engineering Messages, which was tasked
to (1) develop an online “toolkit”
with messaging-related resources,
community-building applications,
and other materials to support the
use of new messages for improving
public understanding of engineering; (2) facilitate dialogue among
organizations that have developed
implementation strategies for the
new engineering messages and
those that have not; and (3) create
an action plan to guide adoption
and use of the online toolkit and
encourage coordinated outreach to
the public by the broader engineer-

ing community. This report presents
the action plan.
NAE members on the study
committee were Charles M. Vest
(cochair), president emeritus and
professor of mechanical engineering,
Massachusetts Institute of Technology; G. Wayne Clough, secretary,
Smithsonian Institution; and Don
P. Giddens, professor, Emory University, and dean emeritus, Wallace
H. Coulter Department of Biomedical Engineering, Georgia Institute
of Technology. Paper, $29.00.
Sensing and Shaping Emerging Conflicts:
Report of a Joint Workshop of the
National Academy of Engineering and
the United States Institute for Peace
Roundtable on Technology, Science, and
Peacebuilding. Rapid increases in the
capabilities and availability of digital technologies have put powerful communications devices in the
hands of most of the world’s population. Communications have intensified and diversified as individuals
and groups use new technologies

Calendar of Meetings and Events
September 19–21 Frontiers of Engineering
Wilmington, Delaware

October 27–30

Frontiers of Engineering Education
Irvine, California

September 26–27 NAE/ASEE Workshop on Identifying
and Surmounting Impediments to
Implementing Diversification Efforts in
Engineering Education

October 31–
November 1

Summit on Manufacturing for the
Grand Challenges
Cary, North Carolina

October 4–5

NAE Council Meeting

November 21–23 EU-US Frontiers of Engineering
Chantilly, France

October 6–7

NAE Annual Meeting

December 3–4

October 23

NAE/University of Illinois Workshop
on Educate to Innovate

Committee on Membership Meeting

All meetings are held in National Academies facilities in
Washington, DC, unless otherwise noted.
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to exchange text, images, video,
and audio. Monitoring and analysis of the flow and content of this
information can be used to detect
and analyze, or sense, impending
conflict or developments in ongoing conflict. In October 2012 the
NAE and the United States Institute of Peace (USIP) held a workshop in Washington, DC, that
brought together experts in technology, experts in peacebuilding,
and people who have worked at the
intersections of those two fields on
the applications of technology in
conflict settings, to consider uses of
technology to sense emerging and
ongoing conflicts and provide information and analyses that can be
used to prevent violent and deadly
conflict. This report summarizes the
workshop discussions.
NAE member Prabhakar Raghavan, vice president, engineering,
Google, Inc., cochaired the workshop steering committee. Paper,
$32.00.
Protecting National Park Soundscapes.
The National Park Service (NPS)
has determined that park facilities,
operations, and maintenance activities produce a substantial portion of
noise (i.e., unwanted sound, in this
case usually generated by humans
or machinery) in the national parks
and seeks to provide park managers with guidance for protecting the
natural soundscape from such noise.
To aid in this effort, NPS joined
with the NAE and US Department of Transportation’s John A.
Volpe National Transportation Systems Center to hold a workshop to
examine the challenges and opportunities facing the nation’s array of
parks. The workshop on Protecting
National Park Soundscapes: Best
Available Technologies and Prac-
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tices for Reducing Park-Generated
Noise took place in October 2012
at NPS’s Natural Resource Program
Center in Fort Collins, Colorado.
The aim of the workshop was to
define what park managers can
do to control noise from facilities,
operations, and maintenance. This
report is a summary of the workshop
presentations and discussions.
NAE members on the study committee were William W. Lang, president, Noise Control Foundation,
and George C. Maling Jr., managing director emeritus, Institute of
Noise Control Engineering. Paper,
$32.00.
A Review of the Draft 2013 National
Climate Assessment. As mandated by
the Global Change Research Act
(GCRA), the US Global Change
Research Program (USGCRP) is
producing a “National Climate
Assessment” (NCA) to inform the
president, the Congress, and the
American people about the current state of scientific knowledge
regarding climate change effects
on US regions and key sectors, now
and in the coming decades. The
NRC1 panel that reviewed the draft
focused on practical suggestions for
improving the draft, but also raised
broader considerations about fundamental approaches used in certain
parts of the NCA report and about
the scope of USGCRP research that
underlies the NCA findings. More
must be done to meet the nation’s
needs for information and guidance,
but these needs cannot be met without an expanded USGCRP research
effort and future assessments. As the
nation continues to engage with the
threats, opportunities, and surprises
of climate change in its many manifestations, the 2013 NCA should be
a valuable resource, as a summary

of the state of knowledge about climate change and its implications.
NAE members on the study panel were Warren M. Washington
(chair), senior scientist, Climate
Change Research Section, Climate
and Global Dynamics Division,
National Center for Atmospheric
Research; Glen T. Daigger, senior
vice president and chief technology officer, CH2M Hill, Inc.; and
Robert E. Dickinson, professor,
Department of Geological Sciences, University of Texas, Austin.
Free PDF.
An Evaluation of the US Department
of Energy’s Marine and Hydrokinetic
Resource Assessments. Increasing
renewable energy development, both
in the United States and abroad, has
rekindled interest in the potential
for marine and hydrokinetic (MHK)
resources to contribute to electricity generation. These resources
derive from ocean tides, waves, and
currents; temperature gradients in
the ocean; and free-flowing rivers
and streams. One measure of the
interest in the possible use of these
resources for electricity generation
is the increasing number of permits
that have been filed with the Federal Energy Regulatory Commission (FERC): as of December 2012,
FERC had issued 4 licenses and 84
preliminary permits, up from virtually zero a decade ago. As part of its
assessment of MHK resources, DOE
asked the NRC to provide detailed
evaluations. This report presents the
committee’s evaluation of the five
DOE resource categories and comments on the overall MHK resource
assessment process. It focuses on a
conceptual framework for developing the resource assessments, the
aggregation of results into a single
number, and consistency across and
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coordination between the individual
resource assessments, and presents
critiques of the individual resource
assessment, discussion of the practical MHK resource base, and conclusions and recommendations.
NAE members on the study committee were Paul G. Gaffney II
(chair), president, Monmouth University, and Bhakta B. Rath, head,
Materials Science and Component
Technology Directorate and associate director of research, Naval
Research Laboratory. Paper, $50.00.
Best Care at Lower Cost: The Path to
Continuously Learning Health Care in
America. Inefficiencies, an overwhelming amount of data, and
other economic and quality barriers hinder progress in improving health and threaten America’s
economic stability and global competitiveness. About 30 percent of
health spending in 2009—roughly $750 billion—was wasted on
unnecessary services, excessive
administrative costs, fraud, and
other problems. By one estimate,
roughly 75,000 deaths might have
been averted in 2005 if every state
had delivered care at the quality
level of the best performing state.
About 75 million Americans have
more than one chronic condition,
requiring coordination among
multiple specialists and therapies,
which can increase the potential for miscommunication, misdiagnosis, potentially conflicting
interventions, and dangerous drug
interactions. Better use of data is
critical, such as mobile technologies and electronic health records
to better capture and share health
1

Here and throughout, NRC = National
Research Council unless otherwise
indicated.

data. To that end, the National
Coordinator for Health Information Technology, IT developers,
and standard-setting organizations
should ensure that these systems
are robust and interoperable. Clinicians and care organizations should
fully adopt these technologies, and
patients should be encouraged to
use tools such as personal health
information portals to actively
engage in their care.
NAE member James P. Bagian,
director, Center for Healthcare
Engineering and Patient Safety, and
professor, College of Engineering
and Medical School, University of
Michigan, was a member of the study
committee. Hardcover, $79.00.
National Academies Keck Futures Initiative: The Informed Brain in a Digital
World: Interdisciplinary Team Summaries. Digital media provide humans
with more access to information
than ever before, but it remains to be
known whether such access is actually helping people learn and solve
complex problems, or creating more
difficulty and confusion for individuals and societies by offering content
overload that is not always meaningful. There has always been access to
more information than humans can
handle, but the difference now lies
in the ubiquity of the Internet and
digital technology, and the incredible speed with which anyone with a
computer can access and participate
in seemingly infinite information
exchange. Interdisciplinary research
(IDR) teams at the 2012 National
Academies Keck Futures Initiative
Conference on the Informed Brain in
the Digital World explored rewards
and dangers to humans in various
fields that are greatly impacted by
the Internet and the rapid evolution
of digital technology. Although cur-

rent fast-paced work and learning
environments often encourage multitasking, research shows that such
multitasking is inefficient, decreases
productivity, and may hinder cognitive function.
NAE member C. Gordon Bell,
principal researcher, Microsoft
Research, was a member of the
steering committee. Paper, $40.00.
Making the Soldier Decisive on Future
Battlefields. The United States has
used its technical prowess and industrial capability to develop decisive
weapons that overmatch those of
potential enemies. In its current
engagement—what has been identified as an “era of persistent conflict”—the nation’s most important
weapon is the dismounted soldier
operating in small units. Today’s soldier must be prepared to contend with
both regular and irregular adversaries. Results in Iraq and Afghanistan
show that the contemporary suite
of equipment and support does not
afford the same high degree of overmatch capability exhibited by large
weapons platforms. This report establishes the technical requirements for
overmatch capability for dismounted
soldiers operating individually or in
small units. It prescribes technological and organizational capabilities
and provides 15 recommendations
for the Army to enable the soldier
and tactical small unit to achieve
overmatch.
NAE members on the study
committee were Henry J. Hatch
(chair), US Army (retired) and former Chief of Engineers, US Army,
and W. Peter Cherry, independent
consultant, Ann Arbor, Michigan.
Paper, $51.00.
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Review of the Research Program of the
US DRIVE Partnership: Fourth Report.
This report follows on three NRC
reviews (2005, 2008, 2010) of the
FreedomCAR and Fuel Partnership, predecessor of the US DRIVE
Partnership. The US DRIVE (Driving Research and Innovation for
Vehicle Efficiency and Energy Sustainability) vision is that American consumers have a broad range
of affordable personal transportation choices that reduce petroleum
consumption and significantly
reduce harmful emissions from the
transportation sector. Its mission
is to accelerate the development
of precompetitive and innovative
technologies to enable a full range
of efficient and clean advanced
light-duty vehicles (LDVs), as well
as related energy infrastructure.
The partnership focuses on precompetitive research and development
(R&D) that can help to accelerate
the emergence of advanced technologies toward commercialization.
Technical areas of R&D and technology validation programs include
internal combustion engines (ICEs)
potentially operating on conventional and various alternative fuels,
automotive fuel cell power systems,
hydrogen storage systems (especially onboard vehicles), batteries
and other forms of electrochemical
energy storage, electric propulsion
systems, hydrogen production and
delivery, and materials leading to
vehicle weight reductions.
NAE members on the study committee were Linos J. Jacovides,
retired director, Delphi Research
Labs, and president, Paphos Consulting; Bernard I. Robertson,
senior VP, engineering technologies
and regulatory affairs; and general
manager, truck operations, DaimlerChrysler Corporation (retired);
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and Kathleen C. Taylor, retired
director, Materials and Processes
Laboratory, General Motors Corporation. Paper, $45.00.
Directed Evolution for Development and
Production of Bioactive Agents: A Meeting Summary. In 2012, the Defense
Intelligence Agency (DIA) asked
the NRC to appoint a committee
to develop a list of workshop topics to explore the impact of emerging science and technology. One
of those topics was directed evolution for the development and production of bioactive agents, and a
workshop was held February 21–22,
2013, to explore the potential use of
directed evolution for military science and technology. Understanding the current research in this area,
and the potential opportunities for
US adversaries to use this research,
might allow the DIA to advise US
policymakers in an appropriate and
timely manner. The workshop featured presentations to inform the
US intelligence community of the
current status of directed evolution
technology and related research
and to explore approaches involving directed evolution that might
be used by an adversary to develop
toxic biological agents that could
pose a threat to the United States
or its allies, and how they could
be identified. Experts were invited
from the areas of directed evolution,
biosynthesis, detection, and biological agents.
NAE members on the committee were Thomas E. Romesser
(vice chair), retired vice president,
technology development, Northrop
Grumman Aerospace Systems;
Ilhan A. Aksay, professor, Department of Chemical and Biological
Engineering, Princeton University;
John F. Cashen, vice president,

advanced projects and chief scientist, Northrop Grumman Corporation; and Edward M. Greitzer,
H.N. Slater Professor, Department
of Aeronautics and Astronautics,
Massachusetts Institute of Technology. Paper, $23.00.
Future of Battlespace Situational Awareness: A Workshop Summary. This was
the third in an ongoing series of
workshops conducted by the NRC
Committee for Science and Technology Challenges to US National
Security Interests. The first two
workshops looked at individual
technologies related to “big data”
and future antennas and provided
context for the topic addressed in
the third workshop—the planning
of a future warfare scenario. The
objectives for this workshop were to
review technologies that enable battlespace situational awareness 10–20
years into the future and consider
capabilities in air, land, sea, space,
and cyberspace. The workshop was
held in May 2012 in Suffolk, Virginia; sessions were not open to the
public because they involved discussions of classified material, including data addressing vulnerabilities,
indicators, and observables. These
workshops address US and foreign
research, why S&T applications of
technologies in development are
important in the context of military capabilities, and what critical
scientific breakthroughs are needed
to achieve advances in the fields of
interest. This report summarizes the
third workshop.
NAE members on the study committee were Edward M. Greitzer,
H.N. Slater Professor, Department
of Aeronautics and Astronautics,
Massachusetts Institute of Technology, and Eli Yablonovitch, professor of electrical engineering and

The

BRIDGE

72

computer sciences, University of
California, Berkeley. Free PDF.
Building the Illinois Innovation Economy: Summary of a Symposium. To
foster regional growth and employment in an increasingly competitive
global economy, many US states and
regions have developed programs
to attract companies as well as the
talent and resources necessary to
develop innovation clusters. These
initiatives have a broad range of goals
and increasingly include significant
resources—from foundations, universities, and federal agencies—to
develop regional centers of innovation, business incubators, and other
strategies for encouraging entrepreneurship and high-tech development. The NRC is studying selected
state and regional programs to identify best practices with respect to
goals, structures, instruments, modes
of operation, synergies across private and public programs, funding
mechanisms and levels, and evaluation efforts. This review includes
efforts to strengthen existing industries and new technology focus areas
such as nanotechnology, stem cells,
and energy. The review committee
is convening public workshops and
symposia involving local, state, and
federal officials and other stakeholders. This report summarizes discussions at these symposia, fact-finding
meetings, and commissioned analyses of state and regional programs
and technology focus areas. The
committee will produce a final report
with findings and recommendations
focused on lessons, issues, and opportunities for complementary federal
policies created by these state and
regional initiatives.
NAE member Mary L. Good,
dean emerita, special advisor to the
chancellor for economic develop-

ment, University of Arkansas at Little Rock, and former under secretary
for technology, US Department of
Commerce, chaired the study committee. Paper, $47.00.
The Mathematical Sciences in 2025.
The mathematical sciences are part
of nearly all aspects of everyday life,
underpinning such modern capabilities as Internet search, medical imaging, computer animation,
numerical weather predictions, and
all types of digital communications.
This report examines the current
state of the mathematical sciences
and explores changes needed for the
discipline to be in a strong position
to maximize its contributions to the
nation in 2025. The discipline contributes to most areas of science and
engineering, as well as to the nation
as a whole, but training for future
generations of mathematical scientists should be reassessed in light of
the increasingly cross-disciplinary
nature of the field. In addition,
because of the valuable interplay
between ideas and people from all
parts of the mathematical sciences,
the report emphasizes that universities and the government need to
continue to invest in the full spectrum of the mathematical sciences
for the whole enterprise to continue
to flourish long-term.
NAE members on the study
committee were Thomas E. Everhart (chair), president emeritus,
California Institute of Technology; Eva Tardos, Jacob Gould Schurman Professor of Computer
Science, Cornell University; and
Margaret H. Wright, Silver Professor of Computer Science, Courant Institute of Mathematical
Sciences, New York University.
Paper, $46.00.

US Air Force Strategic Deterrence Capabilities in the 21st Century Security
Environment: A Workshop Summary.
Changes in the 21st century security environment require new analytic approaches to support strategic
deterrence. The Air Force needs an
analytic process and tools that can
help determine which of its capabilities will deter or defeat new nuclear-armed adversaries and assure US
allies. While some analytic tools are
available, a coherent approach for
their use in developing strategy and
policy appears to be lacking. The
Air Force in 2012 asked that the
NRC Air Force Studies Board organize a workshop for national experts
to discuss challenges and potential
new tools and methods for strategic deterrence. The workshop consisted of two three-day sessions held
in Washington, DC, in September
2012 and January 2013 and was
attended by diverse participants
with expertise in strategic deterrence and analytic tools of potential interest to the Air Force. This
report summarizes this workshop.
NAE members on the study committee were W. Peter Cherry, independent consultant, Ann Arbor,
Michigan, and Louis Anthony
(Tony) Cox Jr., president, Cox
Associates LLC. Paper, $35.00.
Assessment of Inertial Confinement
Fusion Targets. In fall 2010 the Office
of the US Department of Energy’s
Secretary for Science asked that
an NRC committee investigate the
prospects for generating power using
inertial confinement fusion (ICF)
concepts. The committee was asked
to provide an unclassified report, but
DOE indicated that to fully assess
the topic the committee’s deliberations would have to be informed by
the results of some classified experi-
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ments and information, particularly in the area of ICF targets and
nonproliferation. Thus, a panel was
assembled and charged with advising the committee on the issues,
both by internal discussion and with
this unclassified report. The panel’s
report assesses the current performance of fusion targets associated
with various ICF concepts in order
to understand (1) the spectrum
output, (2) the illumination geometry, (3) the high-gain geometry,
and (4) the robustness of the target
design. The panel addressed potential impacts of the use and development of current concepts for inertial
fusion energy on the proliferation of
nuclear weapons information and
technology, as appropriate. The
panel examined technology options
but did not provide recommendations specific to any currently operating or proposed ICF facility
NAE member John F. Ahearne,
executive director emeritus, Sigma
Xi, The Scientific Research Society, chaired the study panel. Paper,
$38.00.
Overcoming Barriers to Electric-Vehicle
Deployment: Interim Report. The electric vehicle promises to increase US
energy security through reduced
petroleum dependence, support climate change initiatives by decreasing
greenhouse gas emissions, stimulate
long-term economic growth through
the development of new technologies and industries, and enhance
public health by improving local
air quality. But there are substantial
technical, social, and economic barriers to widespread adoption of electric vehicles, including vehicle cost,
small driving range, long charging
times, and the need for a charging
infrastructure. In addition, people are
unfamiliar with electric vehicles, are
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uncertain about their costs and benefits, and have diverse needs that
current electric vehicles might not
meet. At the request of Congress,
the Department of Energy commissioned an NRC study to address
market barriers that are slowing the
purchase of electric vehicles and
hindering the deployment of supporting infrastructure. The study
committee’s interim report, on
near-term options, addresses infrastructure needs for electric vehicles,
barriers to deploying the infrastructure, and possible roles for the federal government in overcoming the
barriers. It focuses on the light-duty
vehicle sector in the United States
and on plug-in electric vehicles
(PEVs), including battery electric
vehicles (BEVs) and plug-in hybrid
electric vehicles (PHEVs), which
have batteries that are charged by
being plugged into the electric grid.
The committee will issue its final
report in late summer 2014.
NAE members on the study
committee were John G. Kassakian (chair), professor of electrical
engineering and computer science,
Massachusetts Institute of Technology; Linos J. Jacovides, president,
Paphos Consulting, and retired
director, Delphi Research Labs; and
Ralph D. Masiello, senior vice president, innovation, DNV Kema, Inc.
Paper, $36.00.
Sustainability for the Nation: Resource
Connection and Governance Linkages.
The US government works hard to
ensure sufficient fresh water, food,
energy, housing, health, and education for the nation without limiting
resources for future generations, but
there is no sufficient organization to
deal with sustainability issues. Connected yet different agencies address
only one aspect of key resource

domains such as water, land, energy,
and nonrenewable resources. The
NRC was asked by several federal
agencies, foundations, and the private sector to provide guidance to
the federal government on issues
related to sustainability linkages
among federal, state, and local governments, nongovernmental organizations, and the private sector. This
report offers insight into high-priority areas for governance linkages,
the challenges of managing connected systems, and impediments
to successful government linkages.
It also describes examples of government linkages such as Adaptive
Management on the Platte River,
Philadelphia’s Green Stormwater
Infrastructure, and Managing Land
Use in the Mojave.
NAE member Thomas Graedel, Clifton R. Musser Professor of
Industrial Ecology, Yale University,
chaired the study committee. Paper,
$46.00.
Best Practices in State and Regional
Innovation Initiatives: Competing in
the 21st Century. This study focuses
on significant activity at the state
level to improve the public’s understanding of key policy strategies and
exemplary practices aimed at stimulating innovation. Based on a series
of workshops and conferences that
brought together policymakers and
leaders of industry and academia in
selected states, the study highlights
a variety of state and regional policy initiatives to foster knowledgebased growth and employment.
Perhaps what most distinguishes
state-level efforts is a high degree
of pragmatism. Innovation policies
at the state level often involve taking advantage of existing resources
and combining them in new ways,
forging innovative partnerships
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among universities, industry, and
government organizations, growing the skill base, and investing in
the infrastructure to develop new
technologies and new industries.
Many of these initiatives are being
guided by leaders from the private
sector and universities. The objective of this report is to illustrate the
approaches of a number of states as
they confront the increasing challenges of global competition for
the industries and jobs of today and
tomorrow.
NAE member Mary L. Good,
dean emerita, special advisor to the
chancellor for economic development, University of Arkansas at Little Rock, and former under secretary
for technology, US Department of
Commerce, chaired the study committee. Paper, $52.00.
Improving the Assessment of the Proliferation Risk of Nuclear Fuel Cycles.
The material that sustains the nuclear reactions that produce energy can
also be used to make nuclear weapons. There is a tension between the
development of nuclear fuel cycles
and management of the risk of proliferation as the number of nuclear
energy systems expands throughout
the world. As the Department of
Energy (DOE) and other parts of the
US government make decisions about
future nuclear fuel cycles, DOE seeks
to improve proliferation assessments
to better inform those decisions.
This report presents the committee’s considerations of how methods
of quantification of proliferation risk
are being used and implemented,
how other approaches to risk assessment can contribute to improving
the utility of assessments for policy
and decision makers, and the extent
to which research and development

could improve technical analysis of
proliferation risk for policymakers.
NAE members on the study committee were B. John Garrick, independent consultant, Laguna Beach,
California; Milton Levenson, consultant and retired vice president,
Bechtel International; and Chris
G. Whipple, principal, ENVIRON.
Paper, $40.00.
Energy-Efficiency Standards and Green
Building Certification Systems Used by
the Department of Defense for Military
Construction and Major Renovations.
The National Defense Authorization Act requires the Secretary of
Defense to submit a report to the
congressional defense committees
on the energy efficiency and sustainability standards used by the
Department of Defense (DOD) for
military construction and major
renovations of buildings. The report
must include a copy of DOD policy
prescribing a comprehensive strategy for the pursuit of design and
building standards that include
specific energy-efficiency standards
and sustainable design attributes
for military construction based on
a cost-benefit analysis, return on
investment, and demonstrated longterm payback required for building
standards and green building certification systems. This report summarizes the recommendations for
energy efficiency.
NAE members on the study committee were Michael R. Johnson
(chair), USN (retired), Associate Vice Chancellor for Facilities,
University of Arkansas; Chris T.
Hendrickson, Duquesne Light University Professor, Carnegie Mellon
University; and Maxine L. Savitz,
retired general manager, Technology/Partnerships, Honeywell Inc.
Paper, $45.00.

An Assessment of the Prospects for Inertial Fusion Energy. Fusion energy offers
the prospect of a nearly carbonfree energy source with a virtually
unlimited supply of fuel without the
creation of waste that requires longterm disposal. Many nations have
initiated research and development
(R&D) programs in magnetic fusion
energy (MFE) and inertial fusion
energy (IFE). This report describes
and assesses the status of IFE
research in the United States, compares various technical approaches
to IFE, and identifies the scientific
and engineering challenges associated with developing inertial confinement fusion (ICF) in particular
as an energy source. It also provides
guidance on an R&D roadmap at
the conceptual level for a national
program focusing on the design and
construction of an inertial fusion
energy demonstration plant.
NAE members on the study committee were Robert L. Byer, William R. Kenan Jr. Professor of the
School of Humanities and Sciences,
and codirector, Stanford Photonics
Research Center, Stanford University; Richard L. Garwin, IBM
fellow emeritus, IBM Thomas J.
Watson Research Center; Gerald L. Kulcinski, associate dean
for research, Grainger Professor of
Nuclear Engineering, and director,
Fusion Technology Institute, University of Wisconsin–Madison; and
Lawrence T. Papay, CEO and principal, PQR LLC, and retired sector
vice president, Integrated Solutions,
Science Applications International
Corporation. Paper, $60.00.
Levees and the National Flood Insurance Program: Improving Policies
and Practice. The Federal Insurance and Mitigation Administration (FIMA), under the Federal
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Emergency Management Agency
(FEMA), manages the National
Flood Insurance Program (NFIP),
which was established by Congress
in 1968 to help reduce future flood
damages through community floodplain regulation that would control
development in flood hazard areas,
provide insurance for a premium to
property owners, and reduce federal
expenditures for disaster assistance.
The insurance is available only to
owners of insurable property in
communities that participate in the
NFIP. Levees and floodwalls have
been part of US flood management
since the late 1700s because they
are relatively easy to build and a
reasonable infrastructure investment. At the request of FEMA, an
ad hoc NRC committee examined
FEMA’s treatment of levees in the
NFIP and determined how leveerelated policies and activities could
be improved. The study addressed
risk analysis, flood insurance, risk
reduction, risk communication,
and specific issues associated with
them, such as risk analysis and mapping procedures behind accredited
and nonaccredited levees, flood
insurance pricing and the mandatory flood insurance purchase
requirement, mitigation options to
reduce risk for communities with
levees, flood risk communication
efforts, and the concept of shared
responsibility. This report presents
the committee’s conclusions and
recommendations.
NAE member Gerald E. Galloway Jr., Glenn L. Martin Institute
Professor of Engineering, University
of Maryland, College Park, chaired
the study committee. Paper, $53.00.
Engineering Aviation Security Environments: Reduction of False Alarms in
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Computed Tomography–Based Screening of Checked Baggage. In November
2001 the Transportation Security
Administration (TSA) was created as a separate entity in the
US Department of Transportation
through the Aviation and Transportation Security Act. The act also
mandated that all checked baggage
on US flights be scanned by explosive detection systems (EDSs) for
the presence of threats. Because
these systems needed to be deployed
quickly and universally, but could
not be made available everywhere,
computer tomography (CT)–based
systems became the certified method or placeholder for EDSs. CT
systems cannot detect explosives
but instead create images of potential threats that can be compared to
criteria to determine whether they
are real threats; they are associated
with an abundance of false positives
or false alarms. An ad hoc NRC
committee was tasked to examine
the technology of aviation-security
EDSs and false positives produced
by this equipment. It evaluated the
false positives, assessed the impact
of their resolution on personnel and
resource allocation, and made recommendations about investigating
false positives without increasing false negatives. The committee observed security measures at
the San Francisco International
Airport and heard from DHS
and TSA employees. This report
is the result of the committee’s
investigation.
NAE members on the study committee were B. John Garrick, independent consultant, Laguna Beach,
California, and Gary H. Glover,
professor of radiology, Lucas Imaging Center, Stanford University.
Paper, $41.00.

Review of Biotreatment, Water Recovery, and Brine Reduction Systems for
the Pueblo Chemical Agent Destruction
Pilot Plant. The Pueblo Chemical
Depot (PCD) in Colorado is one
of two sites with a US stockpile
of chemical weapons that need to
be destroyed. The Pueblo Chemical Agent Destruction Pilot Plant
(PCAPP) has been set up at the
PCD to destroy the agent and munition bodies and related products
using novel processes, including a
combined water recovery system
(WRS) and brine reduction system (BRS). At the request of the
Assembled Chemical Weapons
Alternatives, an ad hoc NRC committee was tasked with evaluating
operability, life expectancy, working
quality, results of biotreatment studies carried out before 1999 and in
1999–2004, and the current design,
systemization, and planned operation conditions for the biotreatment
process. This report, the result of the
committee’s investigation, includes
diagrams of the biotreatment area,
BRS, and WRS; a table of materials
of construction; and the committee’s
recommendations.
NAE members on the study committee were Ronald M. Latanision,
corporate vice president, Exponent, Inc.; Michael J. Lockett, professor of chemical and biological
engineering, University of Buffalo,
State University of New York, and
retired corporate fellow, Praxair
Inc.; Ronald F. Probstein, Ford
Professor of Engineering Emeritus,
Massachusetts Institute of Technology; and Vernon L. Snoeyink,
professor of environmental engineering emeritus, Department of
Civil Engineering, University of
Illinois at Urbana-Champaign.
Paper, $39.00.

The

BRIDGE

76

Review of NOAA Working Group
Report on Maintaining the Continuation
of Long-Term Satellite Total Irradiance
Observations. Solar irradiance is a
vital source of energy input for the
Earth’s climate system and its variability has the potential to mitigate
or exacerbate human-created climate effects. Maintaining an unbroken record of total solar irradiance
(TSI) is critical to understand the
role of solar variability in influencing Earth’s climate. Space-borne

instruments have acquired TSI
data since 1978. Currently, the best
calibrated and lowest-noise source
of TSI measurements is the Total
Irradiance Monitor (TIM) onboard
NASA’s Solar Radiation and Climate Experiment (SORCE). Its
data are of higher quality than the
older data in the full record. This
report evaluates NOAA’s plan for
mitigating the loss of TSI measurements from space, given the
likelihood of losing this capacity

from instruments currently on the
SORCE satellite in coming years
and the short-term/experimental
nature of the current method of filling the data gap.
NAE member Kuo-Nan Liou,
Distinguished Professor of Atmospheric Sciences and director, Joint
Institute for Regional Earth System
Science and Engineering, University of California, Los Angeles, was
a member of the study committee.
Paper, $37.00.

How can you celebrate 50 years of engineering leadership and
service at the National Academy of Engineering?
Become one of 50 new members of the Heritage Society!
It’s easy for you to support the future of the NAE with a planned gift:
By creating income for your lifetime with a charitable gift
annuity, or
By naming NAE as a beneficiary of your retirement plan, or
By naming NAE as a beneficiary in your will.
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For more information about making a planned gift, please call
Jamie Killorin at 202.334.3833 or email jkillorin@nae.edu.
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