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Motivation

There is an opportunity for dramatically increased synergy between electronickialogy
fostered by the march of electronics technologies to the atomic scale and rapid advances in system, cell,
and molecular biology. In the next decade, it may become possilpksstore vision or reverse the
effects ofspinal cord injury or diseasfor a labon-a-chip to allow medical diagnoses without a clinic or
instantaneous biologicalgent detection. Bioelectronics is the discipline resulting from the convergence
of biology and electronics and it has the potential to significantly thpaanyareas important to the
nt A2y Qa S O2béiagYikcluding Realtiicaré dnd medicine, homeland secddtgnsicsand
protecting the environment and the food supplilot only can advances in electronics impact biology
and medicine, butonverselyunderstandingoiology may provide powerful insights into efficient
assembly processes, devices, and architecturesdapelectronicgechnologiesas physical limitef
existingtechnologiesare approached. This report develops the thesis that advamce®electronics
can offer new and improved methods and tools while simultaneously reducing their, dast$o the
continuing exponential gains in functionakpgr-unit-cost innanoelectronic® I { I a2 2)NBeQ&i [ | ¢
gains drove the cost per transistdown by a factor obne millionbetween 1970 and 2008 (for
comparison, over the same period, the average cost of a new car rose from $3,900 to $26,000) and
enabled unprecedented increases in productivity.

In this report, a number of emerging opportuniién bioeletronics are identified. Althouglit, is
difficult to project the financial benefitat this early stage of research, the following figures for the costs
of just a few diseases that could be impacted by bioelectronics provides a sense ofghitunia of
potential markets and of theenefitsto individuals andocietyin the healthcare sector alone

e In 2008, an estimated 1.4 million new cases of cancer were diagnosed and over 560,000 cancer
deaths were reported in the United Statestingnearly $90 billion in direct medical expensayd
$130 billion more in lost productivity.

e An estimated 22 million Americans suffer from heart disease and about 460,000 die from heart
attacks each year (about 1 in 5 deathhk).2008, heart disease cdB1728 billionin direct medical
expensesandan additional $114.5 billion in indirect costs

e An estimated 7.2 million Americans are diagnosed with Type 2 diabetes and millions more are
undiagnosed. The American Diabetes Association estimates that medicahssatiated with
diabetes vere $116 billion in 2007, with an additional $58 billion in indirect costs.

The overarching technical drivers pushing bioelectronics are the constant advances in
semiconductor technology and in surface chemistry related tarterface of biology and mamade
devices. At the same time, understanding biological systems and processes at thetmaarm-scale
is growing rapidly.

Research Challenges and Opportunities

Realizngthe promise of bioelectronicsequiresresearch thacrosses disciplines, suchelsctrical
engineering, biology, chemistry, physics, and materials scieBballenges and opportunities were
discussed at a roundtable in November 2008 that brought togediperts from industry, government,
and acadens, including representatives from IBM, Intel, Texas Instruments, Tokyo Electron Ltd.,

a22NBQa [F63 6KAOK dunder offiriteNCGoiporatian 3GHMIAH §.RMoaded stateKitdat tHe Bize of integrated circuits
decreases by one half every-28 months.



Freescale, and Abbott Laboratorie8lso participating were representatives from the National Institute
of Standards and Technology (NIST), National Science FoundatipnaiitSRational Institutes for

Health (NIH), and several academic research institutions. Research areas identified at the roundtable
include the following

1. Understanding molecalcell-electronics interfacs

2. Understanding cellular response andtheir variabilitiest to stimulation (electrical, mechanical,
chemical, thermaland the liké;

3. Ability to collect and analyze essential data on the state of biomolecules and cells (chemical,
physical, structural, functional);

4. Ability to monitor, in reatime, the bicchemistry of a single cell or a population of cells, which
requires comprehension of interaction between molecules;

5. Ability to deliver appropriate therapeutic materials and stimuli in #&ake; and

6. Ability to detect, identify, and quantify thousandsdifferent biomarkers simultaneously.

Transitioning the results of this multidisciplinary research to commercial products will be expedited

through collaboration at early stagégtweenthe electronics industry and the biomedical device

industry, along withthe academic ad government research communitie&overnment, ndustry, and

academic leaders from different sectors and disciplines who do not necessarily speak the same

Wil y3dzZ 3SQ Ydzad 06S gAftfAy3d G2 O2 Y Yutidns dieznecesdakyy i ST F 2 N.
for success.

Observations andRecommendations

The application of electronics technology to biology and medicine is not riexamples include
pacemakers andlirtually the entire medical imaging industry. Research thaabled theseapplications
IANBg 2dzi 2F YlIye RAAOALE AySa 2F A0ASyOS FyiR Sy3aiaysSs
being used more widelp describe this multidisciplinary field. A survey of publications that use the
term in the title or abstractaptures on a fraction of the actual research, but suggeststtmatcenter of
activity is in Europe (43 percent of publications), followed by Asia (23 percent) and the United States (20
percent). With outstanding research expertise in both biomedicine andcsgrductors, the United
States is in a position to become a leader in the field with appropriate and directed investments in the
areas outlined in this report.

Science and technology experts representing the releatronics and biotechnology communities
provided inputs for this report. Collectivelhe participants identified a wide range of opportunities and
challenges for the fieldvhich are listed in the table belowThe strategic drivers that were most
frequently cited were: disease detection, dise prevention, and prosthetics. The technologies and
devices that will enable applications in these areas will impact other vital areas, such as homeland and
national securityforensicsandthe environment Progress in all of these sectors requirgmization in
crosscutting areas, including measurement and characterization, fabrication, and power sources.

As a next step, stakeholders from government, academic, and indslsteyd jointly develop a detailed
bioelectronics oadmap, whictcanserve tofacilitate effective planning angsourcemanagementor
increasing the productivity and commercializaitionbioelectronics research and developmei@uch an
exercise would define and clarify projected applicatgpecific research metrics and metrojogaps and
needs; timelines for research, development, and prototyping; and emerging market and
commercialization insertion opportunities.h@ International Technology Roadmap #emiconductors
(www..itrs.nef) , especiall its Working Groups on Emerging Research Materials and on Emerging
Research Devicesay serve as useftemplatesfor the proposed roadmapping exercise.


http://www.itrs.net/

and Analyses

Category Highest Priority Research Challenges [Priority, where 1.0 = max.
Drivers ¢ Prosthetics, inlkeiding tissue and neural implants, i.e. vision, hearing, et(
[0.91]
¢ Disease Prevention, including neural degeneration, cancer, etc. [0.82]
¢ Disease Detection, including neural degeneration, cancer, etc. [0.82]
Devices e Lab on a chip [0.64]
e Protein and DNAhips [0.64]
¢ Imaging, including cellular [0.64]
e Telemonitoring [0.55]
Measurements| e Noninvasive physical sensing, e.qg. vital functions [0.73]

e Concentration of analyte and metabolites, etc. [0.73]

¢ Realtime & time dependent measurements [0.64]

¢ Single biemolecule detection, e.g. in Lain-Chip environment (including
mass, size, chemical, optical, etc.) [0.64]

Technologies

e Molecular recognition [0.73]

¢ Signal processing algorithms [0.73]

¢ DNA sequencing [0.64]

e Fabrication (electrodes, devices)cluding patterning [0.64]

¢ Thin film technology [0.64]

The figure below shows a framework for bioelectronics research, based on input from experts
engaged for this study. This proposed framework is intended to catalyze further analyses and a

comprehensie roadmapping exercise.

¢tKS FTASER 27
critical areas of science and technology, including seneargelectronicsand metrology should be
harnessed and coordinatedlong with expertise from academia and industry to firmly establish the
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United States as a leader in this high impact area of research and development.

Early Detection: Disease Treatment: Artificial Health Mon‘li'trg:?n? ;\ .
Drivers Heart Disease, Respiratory, Diabetes, || Sensory Organs: "
" Neural Prosthetics
Cancer, Stroke Kidney, etc. Eyes, Nose, etc. Biochemical Prosthetics
Rapid Analysis: Multi- In-vivo Measurements & .
Measurements DNA, Proteins, Channel Analysis: DNAProteins, ﬁ.sr\?llg ga??;ﬁz of
& Analyses Cell Metabolites || Sensory Cell Metabolites
H-energy Nano- Biomolecule to
Devices bioDSP source delivery Biosystem Monitoring
Devices & Management
3-DIntegration T Extremely Scaled
Technologles Wireless |nw::;:§m.l Intelligent Micro-
Networks Biocompatible Biotissues Bioelectronic
Packaging Systems
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1. Introduction

Electronic devices have been revolutionizing biology and medisieethe pat several
generations. The development of the electrocardiograph (i.e., recording the electrical activity of the
heart) approximatelyl00 years ago was one of the defining moments that helped establish the field of
cardiology and is now an integral paftalinical practicgl]. Today defibrillators are implanted at a rate
of 160,000 per year in the US alone to restore proper electrical activity to diseased hearts, once again
changing the practice of medicine and creating a new market worth $5 billiopgaef2]. Electronic
systems have also been critical to the development of the field of radiology, which has evolved from a
single modality X-ray) to include magnetic resonance imaging (MRI), computed tomography (CT), and
positron emission tomography (PE among others. MRI has made possible the imaging of soft tissue to
help treat physical injuries. CT now allows 3D visualization of anatomical features, facilitating surgical
planning. The medical imaging equipment market is expected to be worth $1lio4 biy2012[3]. In
short, the application of electronics to medicine has transformestlicalpractice and will continue to
do so.

In this report, a number of emerging opportunities in bioélenics are identified. Althouglit, is
difficult to projectthe financial benefitat this early stage of research, the following figures for the costs
of just a few diseases that could be impacted by bioelectronics provides a sense of the magnitude of
potential markets and of theenefitsto individuals andgociel in the healthcare sector alone

1. In 2008, domestic health care spending reached $2.4 trillion, or 17 percent of the gross domestic
product (GDP). This spending is projected to increase to $4.3 trillion ir°2016.

2. In 2008, an estimated 1.4 million newses of cancer were diagnosed and over 560,000 cancer
deaths were reported in the United States. The National Institutes of Health (NIH) estimates
these cases cost nearly $90 billion in direct medical expenses plus $130 billion more in lost
productivity o the U.S. economy.

3. An estimated 22 million Americans suffer from heart disease and about 460,000 die from heart
attacks each year (about 1 in 5 deaths). NIH estimates the direct cost of heart diséaese i
United States in 2008 to be $172.8 billion @hd additional indirect cost due to lost
productivity was $114.5 billion.

4. An estimated 7.2 million Americans are diagnosed with Type 2 diabetes and millions more are
undiagnosed. Diabetes leads to a range of debilitating complications, including blindeess,
damage and amputation of toes or feet. The American Diabetes Association estimates that
medical costs associated with diabetgsre $116 billion in 2007, with an additional $58 billion
in indirect costs.

The study of biologglsohas been transforme by electronics. In the late 1940s and early 1950s,
understanding the molecular basis of nerve and muBgahetionwas achieved with the use of high
impedance amplifiers. Those studies led to a new era of quantitative biology and practical clinical
neurogience. The patch clamp, which allowed researchers to measure the ionic current through single
ion channels gave further insight into nerve action. These studies led directly to three Nobel Prizes and
ultimately seven more. The electron microscope is als@xample of applying electronics to biological
problems.Frst demonstrated in the 1930s and developed over the next decheeglectron
microscopeallowed scientist$o visualizethe miniscule world of cellat an entirely new level of detalil
[4]. Much of modern cell biology is built on information captured from these indispensible tools.

Lo YSSKIY SO Fto a4l SIEGK {LSYRAY3I LINR2SOGAZ2Yya GKNRAZAK HAMTES
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Given the profound impact electronics has had on medicine and biology in the past, it is easy to
imagine that integrating modern electronics (i.e., semiconductor hetbgy) with biology and medicine
will result in equally profound quantum leaps. The ongoing miniaturization of semiconductor devices is
leading to new opportunities in biomedical research and commercial medical applications. In medicine,
healthcare costgsould be drastically reduced and presently untreatable diseases could be cured. The
medical problems of today could have commonplace solutions in the future. Nanoscale bioelectronics
will be an enabler for the development of moleculzased personalized ndécine. In particular, the use
of nanoscale electrical measurements will be important in genomics and proteomics for identifying the
function of proteins and their reaction pathways inside geltswell as on and through cell membranes.

The length scalef features that can reliably be manufactured by semiconductor technology is now
sufficiently small that novel devices can be envisiottegrobe cells or biomolecules either vitroor in
viva. Advances in integration and packaging mean that circuitnybesintegrated with sensors,
actuators, and computers. These enabling technologies will allow the creation of devices and systems
that can intelligently probe biological systems from the molecalcell to whole organism levels and
thereby open up new &as of basic biological research and new market opportunities for
commercialization. Highly integrated systems also make possible the creation of implantable devices
that can sense their environment and actively choose an appropriate response, as igantedrug
delivery chips. Numerous other applications will emerge from the continued integration of electronics
with biology that will result imew revolutionary biomedical advancé&éoreover, he development of
nanoscale metrologies for the semiconducihodustry may welfind applications in various biological
and biomedical research areas.

2. Research Activity

The application of electronics technology to biology and medicine is not heweverresearch
activity in this convergent fielis growing raidly. A proxy for activity, especially in academia, is
publications. In order to assess bioelectronics research activity, an analysis of publications was made
usingthe{ OA Sy OS / Al ( A BEIE)Layalkabl&thrughliiiéey & Sden®. The SIE
includes information frommore than 10,000 of the world's leading scholarly science and technical
journals in more than 100 disciplines. It also contains papers éngn 110,000 conference
proceedingsThe database is updated weeldgd contains citdabns datingoack to 1900. Publications
that containedthe g 2 NR Wo A2 St SOGUNBYAOQ 2N) WoA2St SOGNRYAOA
total number of such papers is 548, published from 1912 through January 2009. It should be noted that
the ab®lute number of publications on bioelectronic topics (without using the term bioelectronics in
the title or abstract) is undoubtedly much largeowever, this analysis provides a sample that is
believed to be representative of the related activities ie fireld.

Although publications referencing bioelectronmancepts were published even befat812, 516 of
the 548 papers that use the term in the title or abstract were published since 1990. Figure 1 shows the
number of publications by year. The numloépapers per year increased markedly in 2005 over the
previous year (from about 25 to 50) and by and large has continued to grow. Moreover, the number of
citations to the papers identified has increased exponentially (Figure 2). Because many papedls relat
to bioelectronics do not use the term in the title or abstract, the absolute number of papers
underestimates the actual level of activity; however, it is clearly increasing over time.

Figure 3 shows the geographical distribution of the location of ttigiak 2 NE Q NB a S| NOK
which suggestthat, although U.S. authors have published more papers than authors from any other



country, the center of activity is in Europe (43 percent of publications), followed by Asia (23 percent)
and the United State@0 percent).

TheSCIE study alsevealed fifteen papers in the bioelectronics atbat have received one
hundred or more citationsvhich is on the order of the number of citations received by Ntdgleates
in the semiconductor scienceShe numbe of publications each year and the number of citations
received by bioelectronics papers are growing rapidly, indicative of an area of expanding adtalitg.
1 lists the fifteermostinfluential papers in bioelectronicsince 1993
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Table 1. Influential publications in bioelectronfcs

Publication Author(s) Citations
"Integration of layered redox pteins and conductive | I. Willner and E. Katz 417
1 supports for bioelectronic applications”, Angew. Cher Hebrew University
Int. Ed. 39 (2000) 1180 Jerusalem, Israel
"Biological surface science", Surfé@eence500 (2002)| B. Kasemo 260
2 656 Chalmers Univ.echnology
Gothenburg, Sweden
"Probing biomolecular interactions at conductive ang E. Katz adh I. Willner
. . ) ; . 233
3 semlcondqct|ve §urfa_ce; by impedance spectroscopy Hebrew University
Routes to impedimetric immunosensors, DISAnsors, | Jerusalem, Israel
and enzyme biosensors", Electroanalysis 15 (2003) ¢
"Control of the structure and functions of biomaterial| E. Katz and I. Willner 203
4 by light", Angew. Chemint. Ed. 35 (1996) 367 Hebrew University
Jerusalem, Israel
Supramolecular selissembly blipid derivatives on CEA Saclay 200
5 carbon nanotubes, Science 300 (2003) 775 Inst Genet&Biol , Mol&Cell.
Univ Strasbourg, France
Toward bioelectronics: Specific DNA recognition bas{ H. KorriYoussoufi, et al. 192
6 on an oligonucleotiddéunctionalized polypyrrole]. Am.| CNRS, France
Chem. Socl19 (1997) 7388
Preparation and hybridization analysis of DNA/RNA | J. Cheng et al. 161
7 from Ecoli on microfabricated bioelectronic chips, Nanogen, Inc., San Diego C
Nature Biotechnologyl 6 (1998) 541
Diekectrophoretic assembly of electrically functional | O. D. Velev et al. 146
8 microwires from nanoparticle suspensioigience294 | NCSU, Raleigh, NC and
(2001) 5544 Univ. Delaware , Newark, DI
Towards genoelectronics: Electrochemical biosensin{ J. Wang 142
9 DNA lybridization, ChemistrEur. J. 5 (1999) 1681 NM State University
Albuquerque, NM
Electrical contact of redox enzyme layers associated| |. Willner, et al. 126
10 | with electrodes: Routes to amperometric biosensors,| Hebrew University
Electroanalysis 9 (1997) 965 Jerusalem, Israel
"Biomolecular electronics: Protelmased associative | R. R. Birge et al. 120
11 | processors and volumetric memoried:,Phys. Chem. | Syracuse University
103 (1999) 10746 Syracuse, NY
12 The application of conducting pohers in biosensors, | P. N. Bartlett & P. R. Birkin 116
Synthetic Metal$1 (1993) 15 Univ. Southampton, Englan
Chip and solution detection of DNA hybridization usirf KPR Nilsson ard. Inganas 106
13 | aluminescent zwitterionic polythiophene derivative, | Linkoping Univ, Sweden
Nature Material®2 (2003419
Bioelectrocatalyzed amperometric transduction of I. Willner, et al. 105
14 | recorded optical gjnals using monolayanodified Ai- | Hebrew University
electrodes, J. Amer. Chem. Soc. 117 (1995) 6581 Jerwsalem, Israel
Microchips, microarrays, biochips and nanochips: LJ Kricka 100
15 | personal laboratories for the 21sentury, Clinica U. Pennsylvania

Chimica Act807 (2001) 219

Philadelphia, PA

°Note the ciaitions given are as of 1/28/2009




Comparing Table 1 drFigure 3, we note that 1) k&l and the United States each have five of the
fifteen most cited papers; 2) the United States has more than threegtithe number of papers than
Israel overall; and 3) the nationality of other authors shown in Talllé€ehgland, Israel, France, and
Sweden areranked 7th, 8th, 9th, and 11th in Figure Jhe fact thafpublication rates and citation
rates are not correlated may be due to the relatively small number of active research groups ttndate
addition to the highly cited papehown in Table lthereare many publications that do not use the
GSNY WoA2St SOGNRYyAOCAQ Ay (GKS GAGES 2N Fo6aidNF O
Examples of such seminal publications include reports on electrical activity of neurons and development
of techndogies for characterization of biomaterials, including deH&0].

3. Bioelectronics: A Taxonomy

The first reference to bioelectronicpublishedn 1912, focusecbn measurement of electrical
signals generated by the bogwhich is the basis @he electocardiogram. In the 1960s two new trends
in bioelectronics began to appear. Ottend, enabled by the invention of the transistaentered on
the development ofmplantable electronic devices and systems to stimulate organs, e.g., the
pacemaker. In th same time frame, fundamental studies were beginning to be reported on electron
transfer in electrochemical reactions. Today, these three areas of endeavor are converging to enable
multi-signal recording and stimulation at the cell level, i.e., theeeksdof physical scaling law that is
moving over time from the organ level toward cellular dimensions. At the same time, studies at the
molecular level are leading to new understanding of cell performance. The analogy with
nanoelectronics is strikingop-down scaling is being abetted by device design from the atomic level.

Bioelectronics encompasses a range of topics at the interface of biology and electronics. One aspect
of bioelectronics is the application of electronics to problems in biglowgdidne, and security This
includes electronics for both detection and characterization of biological materials, such as on the
cellular and subcellular level. Another aspect of bioelectroniasiigbiological systemi electronic
applications (e.g., pr@ssing novel electronic components from DNA, nerves, or c8isglectronics
also focuses on physically interfacing electronic devices with biological systems (e.gmé#chine,
cellelectrode, or proteirelectrode). Applications in this area inctudssistive technologies for
individuals with brairrelated disease or injury, such as paralysis, adifiretinas, and new technologies
for protein structurefunction measurements. The identified publications were organized into several
topical areas, ss.shownin Figure4.

Examples of research papers in each of the topical areas are given below:

Measurement$35%)¢ Works on sensors, monitoring systems and metrology. Several distitegories
were identified:

e Sensors (9%)fabrication and propertiesf biosensors, biological, and chemical sensors

¢ Biochemical measurements (7%@pplication of biosensors

e G.-52S0O0NER YA OEfford b&iged an eystém integration for one targeted application
¢ Neural recording (2%)Focus on microelectrode aiya and their interfaces with neurons

e BIioFET (4%)FieldEffect Transistodike devices for biksensing

e Bioelectronic Instrumentation (7% Practical (e.g. clinical) application of {@lectronic devices

Biomaterialg29%)- Materials and fabrication tdmiques for bieelectronic devices, medicahplants,
3D assembly, sefssembly, nangarticles, naneubes, nanewires, etc.

Iy R
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Biosurface science/biochemical reactiqi$%) Reseath focused on the interaction between bio
molecules and solid surfaces. Examples includerutecule immobilization, electron transfer in

biochemical reactions and between bidjects (biemolecules or cells) and the solid surface. The latter
isoftenréF SNNBE RS SOGRRAPAO AYUSNFI OS¢ d ¢ KikdnceR&Bid yA (A2
electronic interface as interaction between electronic devices anebbjects.

General13%)-Articles including forewords, short abstracts, program descrigtistatus reports,
surveys, patent analysgestc.

CMOS&miconductoPatform (4%)¢ Electronic components of bioelectronic systems and integration
issues. Topics include:

e Lowpower implantable devices

e Onchip integration of sensors

e DSP for realime proessing of multparametric bioelectronic signals

e CMOS IC/microfluidic hybrid systems for cell manipulation and electrochemical analysis
e Micro-photodiodes arrays for retinal stimulation

e 3D chip integration and packaging

Fundamentals and Conce[§&%)c Models, simulation, and new concepts related to bioelectronics.

Energy Sourcd4%)¢ Only three papers were identified and these focused onfo@ cells.

The analysis of bioelectronics publications revealed a wide range of research programs spanning
many rdated thrust areas. Although it is clear that micemd nanoelectronics is playing an important
role in bioelectronicsvia direct application of semiconductor industry products, an evident lack of
semiconductoirelated bioelectronic research is very hisi. For example, only a small percentage of the
surveyed work dealt with semiconductor platforms for biological applications. Moreover, the critical
FNBIF 2F ldzizy2Y2dza 0S® 30 AYLAFydlIoft S0 SySNHe& a
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in the context of bioelectronics. There is an opportuniherefore, for a concerted research effort
directed toward the utilization of the semiconductor indugdy O L#b @roviflelhidele&ranic
specific tools and systems.

4. Examples of Technical Areas of Opportunity for Bioelectronics

The overarching technical drivers for bioelectronics are the constant advances in semiconductor
technology coupled with advances in surface chemistry and their application to life sciences research.
Much of thework thathas been done in the bioelectronics field since the 1990s has been focused on
creating better biosensors by integrating biomolecules wigmiconductor¢l1l]. For decades,
semiconductor technology has advanced at an exponential rate atesigibedby Ma2 NB Q,avhich | &
states that the number of features in a given area of substrate doubles eved 1Bonths. A result of
az22NBQa flg Aa GKIG GKS O2YLMziAy3 LIRSNI FYyR OF LI 0Af
the cost per function decreases.
l'a a22NBQa fl g KIFIa LINRPINBaaSR: a2 KIF@S (G4KS ydzyo SNJ
sciences. In particular, significant effort has gone into developing surface chemistries that can be used to
attach biological molecules to semicoradar substraes[12]. Two examples are biosensors that use
enzymes covalently linked to electrode surfafE$ and DNA recognition based on surfdmaund DNA
functionalized polypyrrole moleculg¢$4]. Although advances have been made in binding biological
molecules tosubstrates, no truly biomimetic synthetic surfaces yet exist (e.g., for use in implangs).
following are examples aéchnicalareasor opportunities that will impacbioelectronics

RealTime and Massively Parallel Molecular and Cellular Characition for Systems Biology

The nascent field of systems biolagysing systems engineering approaches to analyze cellular
functiort is driving the development of new technology that can monitor multiple aspects of cellular
behavior over many timepoints. Systs biology embodies a new perspective from which to view
biological systems and knowledge culled from its approaches could lead to advances in neeticine
security However, significant investment is needed to develop tools and associated standards and
metrology that can characterize and continuously monitor the states of cells ateallliar resolutions
[15]. Advances in micr@and nanefluidic systems that can monitor many cell populations in parallel are
beginning to address this ne¢t6, 17.

Biologcally-based Sensors and Fabrication

Another driver of bioelectronics is that cells and their components can be used as biological
transducers for measurements or as components in building novel materials or circuits. In other words,
components of cells hee been used for novel applications outside of their originally observed purpose.
Cells are sensitive to many environmental cuesr exampleidentifying the respase of a cell to a
knowntoxinO2 dzf R I ff2¢ A0 (2 0S5 dza S ecttdxi& substadc€slingtapiNed Ay | O2
air sampleq18]. Biomolecules, in particular antibodies, can also be used as transducers, via their
exquisite specificity for complementary molecules. Coupling antibodies with emergingsoale
technolagies could resulin ultra-sensitive detection methodd 9]. Bicinspired fabrication shows
promise for constructing nanoscale assemblies, which could lead to significant advances in sensor design
and materials technologj20].

Protection and Restoration of Health

The devéopment of new technology that can protect lives (e.g., by preventing bioterrorism) and
restore health (e.g., by developing novel implantable therapeutic devices) is also driving the
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development of bioelectronics. National security demands new technotmgyénitoring chemical or
biological threats, and advances indaf-a-chip technology have been developed to address this need

[21]. Further miniaturization of these technologies will likely result in smaller units with increasing
capabilities. Advancers miniaturization and power transmission, storage, and generation have allowed
implantable medical devices to emerff2]. The artificial retina, which is a first step toward restoring

sight in people with degenerative diseagsdghe retina, is representiave of theseadvancement$23].
Implantable drug delivery devicdsased on micreelectro-mechanical systems (MEM&)e beginning

G2 SYSNHSZ IyR GKS ySEG 3ISYySNIGA2Y 2F RNHzA RSt A
embedded transceivers (i,eable to sense and respond to their environment and transmit and receive

data) instead of passively delivering drugs at-gedinedintervals[24].

The health and safety issues associated with the synthesis and use efmzdedals in
semiconductor manufcturing will be informed by the understanding that will come from using
bioelectronics to study toxity effects at the cellular and molecular levels. These data will allow
exposure limits to be determineaind guide standards for environmental monitoring.

5. Cross-cutting Challenges

Moving bioelectronics forward requires innovation ang the broad areas of measurements and
analyses, fabrication, biocompatibility, and power sources. In general, theseotriisg challenges
either stem from a lack of tectology, biological understanding, or a combination of b&kpertise that
is resident across government agencies, academic research institutions, and industry will need to be
coordinated and brought to bear in ord&y to achieve the necessamnovations

Celular and Biomolecular Measurementsind Analyses

New methods are needed for the detection, identification, and quantification of DNA, proteins, and
other biomolecules. These methods would also jaieva more accurate measurement of cell
phenotype (e.g., DNA sequence, surface markers, etc.) and enable high throughgumeeal
information about cellular behavior.

Biomolecular measurements are increasingly focused on higher bandwidth measurenents (i.
multiple analytes measuredt increasingly high frequengyThe biomolecules of interest usually have
very low concentrations, on the order of nanomolar to femtomolar. When considering protein analysis
of single cells, the concentration of even highkpressed molecules becomes very small. As more
cellular and biomolecular measurements are needed to paint a comprehensive picture of cell behavior
in sity, larger numbers of measurements per observation will be needed at increasingly smaller
concentratiors per molecule. Figufesummarizes the parameter space. Metabolic measurements of
cells occupy the uppeeft portion of the graphwhile the protein and DNA characterization of cells
occupy the lowetright corner.

The fundamental challenge facing DNAalgsis is the ability to rapidly and accurately determine the
sequence. Sequencing technolegihave advanced significantly, witiree generations of disruptive
innovations already productized. But an ultimate goal is a method that can rapidly and isésgdgn
sequence DNA from a small and complex sample without need for sangpigulation. Single molecule
and ranopore sequencingre promising approaches that may provide a solutj@8]. A secondary
challenge of DNA analysis is determining which gerneaetive. Gene expression can be quantified by
measuring messenger RNA (mMRNA) expression as a surusgad®NA arrays or gene chips. While
gene chips are currently the best way to provide a comprehensive picture of gene expression, DNA
hybridization arays require sample amplification, which adds time to the assay and can lead to
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Figure5: Tradeoffs between measurement sensitivity and measurement time are
due to the increasing need for informatioich data.

increased levels of noisdue to PCR eorsintroduced into theDNA [26] Furthermore, collecting gene
expression data over many time points (e.g., minutes or hours) is tedious. An ideal technique
forquantifying gene expression would require minimal human intervention (i.e., sample manipulation)
and allow multiple time point measurements within the same inexpensive, reusable device.
Electrochemicamiethods show promise for creating highly sensitive and integrated (e.g., ircaniab

chip device) DNArrays [27].

The challenges for cellular andbfacular measurements are based on a lackdd#quate
metrological tools To address these challenges, new devices in combination with other techniques
(multi-modal metrologiesneed to be developed that can:

¢ Rapidly determinewhole genome and RNA sequesge
¢ Quantify the up or down regulation of multiple genes over many tioiafs;

¢ Identify biomarkers for disease states (e.g., DNA, RNA, proteins, polysaccharides, metabolites) in
both serum andactual blood and tissue samples;

¢ Identify and quantify biomarkerin realtime at sensitivity levels equal to or better than existing lab
techniques such as enzyme linked immunogsg&LISA) and also be reusable;

e Monitor multiple irtracellular events in reaime;

e Smultaneously determine membrane protein structuredafunction in anin-vivolike environment;
¢ Identify the chemical and mechanical cues tdete stem cell differentiation;

e Recapitulate physicocheimal cellular microenvironments; and

¢ Implemention channelsion channelike devicesas sensors for improwkemolecular recognition
and sensitivity.
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Figure6: Increasing the density of semiconductor features will ultimately allow
arrays of singlanolecule measurements. Courtesy of Madoo Varma,
Intel Corporation.

Fabrication

Fabrication challenges includeeating better sensors and developing novel fabrication techniques.
Integrating multiple sensing technologies with integrated circuit (IC) technologies also presents a
challenge. Biosensors will play a key role in meeting future bioelectronics demaahdi®provements

to increase bandwidth and lower detection limits are needed. Massive parallelization of sensors is
necessary to see the same benefits from future bioelectronics devices that now exist in ICs because of
az22NBQa f6llustdatehbvithdaNiBiaturization of semiconductor technology has led to
acommensurate decrease in the size of liquid volumes used for biological assays. As technology
continues to advance, high throughput nanofabricated arrays capable of quantifying single molecules in
solution will become commonplace.

The challenges faced in realizing single molecule biosensor arrays are based in part on a lack of
fabrication technologies. New methods are needed to fabricate structures reliably at the nanoscale, and
new metrology andtandards are needed to characterize these structures. To date, the vast majority of
nanc-fluidic devices have been characterized by planar surfaces and simple features defined by one,
two, or at most several deviaepths [28].As the functionality of a me-fluidic device is determined by
its dimensionality and complexity, the development of more intricate three dimensional structures
would lead to enhanced control over nanometer scale fluidic environments and analytes, which could
result in new or improve device utility. Progress in this regard has been limited by conventional
nanofabrication processes, which are inherently planar and become increasingly restvittaremany
layers of high resolution lithography are performed in a research facilityrd=fgshows how nane
fluidic devices relate to some of the more popular methods for molecular analysis.
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