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TheraSense
My son Ephraim and I founded TheraSense to improve the lives 

of diabetic people by
– Removing the pain of monitoring blood glucose, by 

reducing the volume of blood required for the glucose 
assay to 300 nL

– Reducing the worry about hypo/hyperglycemia by 
developing a continuous, subcutaneous sensor-based on-
the skin miniature system, broadcasting the glucose 
concentration and predicting impending high or low 
glucose levels before they occur

– Establishing the foundation for a diabetes managing 
feedback loop, combining the continuously glucose 
concentration broadcasting glucose monitor with a 
remotely actuated on-the-skin miniature insulin pump

Enzyme and Redox Mediator Catalyzed 
Electrooxidation of Glucose

• Glucose + Oxidised Enzyme� Products + Reduced 
Enzyme

• Reduced enzyme + Oxidised Mediator  �

Oxidised Enzyme + Reduced Mediator
• Amperometry: Mediator � Mediator + + e-

“ Ferrocene-mediated enzyme electrode for amperometric
determination of glucose” Cass, A. E. G. et al. Anal. Chem. 56,  667 
(1984).Practiced by Medisense, Acquired by Abbott Laboratories

Painless and Accurate Monitoring the Blood 
Glucose Concentration

B. J. Feldman, A. Heller, E. Heller et al. US Patent 6,299,757, October 9, 2001 
B. Feldman, G. McGarraugh, A. Heller, et al. Diabetes Technol. Ther., 2, 21, (2000)

�

Because of its short ( < 50 � m) diffusion 
distance, the glucose in the blood filling the 
micro-coulometer is rapidly electrooxidized

�

Coulometry is more accurate than the earlier 
used amperometry, because the result of the 
assay is unaffected by rate determining 
parameters, like temperature, blood viscosity, 
enzyme activity, or by the faster electro-
oxidation of interferants
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The First Mass Manufactured Sub-
microliter Fluidic Device

300 nL micro-coulometer 

The core of the system is a thin layer micro-
coulometer, which is 
the first mass-produced (~ 109 devices/year) 

sub-microliter fluidic device, and
accurate, because the outcome is unaffected by 

kinetic parameters

Removing the Pain: Accurate and Rapid 
Glucose Analysis in 300 nL of Blood

Small volume in vitro analyte sensor with diffusible or non-leachable 
redox mediator. Feldman, B. J.; Heller, A.; Heller, E.; Mao, F.;
Vivolo, J. A.; Funderburk, J. V.; Colman F. C.; and Krishnan; R. 
US Patents 6,299,757 (2001) US 6,338,790, (2002)
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Lessening the Anguish of Diabetes: Continuous 
Monitoring of the Glucose Concentration

Continuous Glucose Monitoring System

Amplifier-
Transmitter:
Powers the sensor 
& transmits the 
glucose readings

Receiver:
Displays the 
glucose readings

Directional arrow 
indicates 
increase/decrease

Provides different 
alarms when the  
actual or impending 
readings are high or 
low 

Ben Feldman, Abbott Diabetes Care, Diabetes Technology Mtg, Philadelphia, October 29, 2004
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Glucose Reading Each Minute

Ben Feldman, Abbott Diabetes Care, Diabetes Technology Mtg, Philadelphia, October 29, 2004 

Painless Calibration Utilizing Only 
300 nL Blood  

Ben Feldman, Abbott Diabetes Care, Diabetes Technology Mtg, Philadelphia, October 29, 2004 

The Continuous Glucose Monitor
�

Is based on the electrical “wiring” of  glucose oxidase
�

Its core component is a miniature subcutaneously 
implanted amperometric glucose sensor, printed on a 
plastic strip, which is painlessly replaced by the user 
every 5 days

�

Has user-set hypoglycemic (low sugar) and hyper-
glycemic (high sugar) alarms

�

Predicts from the rate of change of the glucose 
concentration impending hypoglycemia and 
hyperglycemia

�

PMA submitted to the FDA

Milestones
· 1994- Miniature, subcutaneously implanted, enzyme-

”wiring” based, continuous glucose monitor for diabetes 
management built and tested in rats at the University of 
Texas in Austin. TheraSense founded by my son Ephraim 

· 1996- Painless, accurate home blood glucose monitor, 
requiring only 300 nL blood, produced on pilot scale (> 104

strips per day) 
· 2000- Monitor approved by the US Food and Drug 

Administration and available to the diabetic people as 
FreeStyle TM

· 2002-2004 Clinical trials of the miniature, continuously 
glucose-monitoring system for diabetes management. 
Results submitted to the FDA  

· 2004- Abbott Laboratories acquires TheraSense for £ 700
million
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The Beginning
Technical

1987- At Bell LaboratoriesDegani and I 
convert the protein of glucose oxidase 
from an insulator to an electron 
conductor

1989-1993 Electrical “wiring” of enzymes 
through electron conducting redox 
hydrogels to electrodes

1994- Glucose is monitored in rats with 
“wired” enzyme electrodes

1995- Miniature, subcutaneously implanted, 
enzyme-”wiring” based, continuous  
monitor built and tested in human 
volunteers

1996- Painless microcoulometric home 
blood glucose monitor, requiring only 
300 nL blood, designed and produced on 
pilot scale (> 104 units per day)

2000- The painless and accurate 300 nL 
monitor is approved by the FDA  and is 
sold in pharmacies as FreeStyle TM

Financial & Personal

1988- I move from Bell Labs to the 
University of Texas to pursue the 
electrical connection (“wiring”) of 
enzymes to circuits

1994- My son Ephraim and I found 
TheraSense

1996- £3 million venture capital
at � 10 million valuation

2001- £60 million from IPO at £400
million market valuation

The End

Technical

2002-2004 Successful multi-center 
clinical trials of the “wired”
enzyme miniature, continuously 
glucose monitoring system for 
diabetes management

2004 PMA on the subcutaneous 
continuous monitor under 
review by the FDA

Financial and Personal

2002 My son Ephraim leaves TheraSense
to found AngioScore, an angioplastic 
balloon company

2003 TheraSensehas 7% market share in 
the £1.5 billion/year glucose monitoring 
market, growing at ~ 2% per year 

2004 Abbott Laboratories acquires 
TheraSense for £700 million

2004 TheraSensebecomes the major 
component of Abbott Diabetes Care, 
headquartered at the TheraSense
Campus in Alameda, CA

2004 I leave TheraSense

The Core Science: Making Water an 
Electron Conductor

· Cross-linked polymers having tethered, rapidly electron-
exchanging centers, swell in water to form electron-
conducting hydrogels

· The electrons diffuse by exchange between  colliding 
redox centers, tethered to backbones of the polymers 

· When the tethers are long and flexible, the amplitudes of 
the redox centers is large, and the electrons diffuse as 
rapidly as their charge-balancing ions diffuse in water

Aoki, A.; Heller, A.  J. Phys. Chem., 97, 11014-19 (1993)
Gregg, B. A.; and Heller, A. US Patent 5,262,035, Nov. 16, 1993
F. Mao, N. Mano, A. Heller J. Am. Chem. Soc., 125, 4951-7 (2003)

Glucose-Selective Electode Built on Electrically 
Connecting Glucose Oxidase to an Electrode with  a 

Redox Hydrogel: The “Wiring” of  Enzymes

Electrons are transferred between 
reaction centers of enzymes and the 
electron-conducting gels 

The electron-conducting hydrogels are 
permeable to water-soluble species

Their apparent electron diffusion 
coefficients reach  6 x 10-6 cm2 s-1, the 
diffusivity of ions in water

e

e

d

A. Heller, J. Phys. Chem. 96, 3579-87 (1992) 
F. Mao, N. Mano, A. Heller J. Am. Chem. Soc., 125, 4951-7 (2003)
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Design of the “Wire” of Glucose Oxidase

· Because the small entropy of mixing, the “wire”
and the enzyme are immiscible, unless they are 
bound chemically or electrostatically

· Because glucose oxidase is a polyanion at 
neutral pH, its “wiring” polymer is designed to 
be a polycation

· The redox potential of the “wire” is designed to 
be just slightly oxidizing versus the redox 
potential of the FAD-centers of glucose oxidase 

N
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The Anodic “Wire” of Glucose Oxidase is Designed 
to Rapidly Transport Electrons and to Have a 

Reducing Redox Potential
�

A tris-(di-N-alkylated
biimidazole) complex of 
Os2+/3+ provides the sought 
redox potential of  -0.2 V 
vs. Ag/AgCl

�

A long tether between the 
polymer backbone and the 
redox centers provides 
Dapp= 6 x 10-6 cm2 s -1

F. Mao, N. Mano and A. Heller,
J. Am. Chem. Soc., 125, 4951 (2003)

“ Wired” glucose  oxidase

Mass transport 
limiting membrane PEG bioinert layer

290mmmmmGold microwire

Structure of the 1998 research version of the 
subcutaneously implanted glucose electrodes

Insulating polyimide
sleeve

Design, characterization, and one-point in vivo calibration of a subcutaneously 
implanted glucose electrode.  Csöregi, E.; Quinn, C. P.; Schmidtke, D. W.; Lindquist, 
S.-E.; Pishko, M. V.; Ye, L.; Katakis, I.; Hubbell, J. A.; Heller, A. Anal. Chem., 66, 
3131-8 (1994)

“ In-vivo” Effects: Preliminary Results from 
A Modified Sensor Membrane

Working Electrode Contact

Reference Contact

Counter 
Contact

Working Electrode

Plastic
SubstrateWired 

Enzyme 
Layer

Outer Sensor
Membrane

Ben Feldman, Abbott Diabetes Care, Diabetes Technology Mtg, Philadelphia, October 29, 2004
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Implanted Amperometric Sensors Based on “Wiring” Glucose Oxidase: Monitoring 
of the Subcutaneous Glycemia of  a Brittle Diabetic Chimpanzee

O Subcutaneous sensor; � blood assay
J. G. Wagner, D. W. Schmidtke, C. P. Quinn, T. F. Fleming, B. Bernacky, A. Heller
“ Continuous amperometric monitoring of glucose in a brittle diabetic chimpanzee 
with a miniature subcutaneous electrode” PNAS95, 6379-6382 (1998) 
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Continuous sensor
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FreeStyle system arm calibrations
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The Promise of Feedback Loop-Based 
Individualized Drug Administration

· Drugs are introduced today only when their 
efficacy and safety is proven in large populations

· The effects of a drug and its metabolism depend , 
however, on the individual user, because of 
variations in age, sex, exercise, medical history, 
weight and genetic make-up, and on the time of 
day, because of our multiple cycles 

· By frequently or continuously monitoring the 
effect of a rapidly (<1 hour) acting drug and 
administering it in small increments, as needed, 
the gap between its safe dosage and its useful 
dosage can be reduced   
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Potential Impact on the Rate of Success of Drug 
Candidates and Side Effects of Established Drugs

· Only about 1 in 104 drug candidates succeeds now 
· Tailoring the timing and dosage to the individual by 

continuously or frequently monitoring its effect(s), 
would assure efficacy and while allowing reduction of 
the dosage to the minimum required by the particular 
user

· The drug would be used in the smallest dosage for 
ascertained efficacy 

· The rate of success of drug candidates would increase
· Established drugs would have fewer and lesser side 

effects
· “Short acting” drugs will be preferred over their “ long 

acting” versions

Minimizing Investment and Regulatory Risks by 
Step-by-Step Introduction of Components and 

Subsystems

· Minimize the investment risk by choosing 
systems, subsystems  and components having 
stand-alone, markets, rather than risk the 
capital required for realization and market 
introduction of the full feedback loop, and

· Obtain, thereby, the safety, dependability and 
reliability data of the components and 
subsystems, prior to seeking regulatory 
approval of the full loop

The Subsystems of the Feedback Loops

· Sensor- amplifier-transmitter: Comprises a physiological 
variable specific sensor, monitoring the drug-affected 
parameter; and a generic skin-adhered  package  amplifying 
and intermittently transmitting the data

· Generic receiver-processor-drug delivering skin patch:
Comprises a reservoir to contain a 3-5 day drug supply of the 
drug, integrated with a
± receiver 
± processor, converting the information received through a 

medical algorithm to a set of dosage instructions
± battery
± actuator
± metering device, delivering subcutaneously microdoses

of the  drug
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Learning from the Early Mistakes of the  Microelectronics 
Industry: Avoid Premature Over-integration

The early microelectronics companies faced extreme 
difficulties in 
± Controlling production yield and cost  
± Reliability
± Reproducibility
± Building customer confidence and demand 

Only those who resisted premature over-integration survived
Road-maps, such as the map defined by Intel’s Moore’s Law, 

became recognized standards of what is timely and what is  
premature in integration

Research on Miniaturization : The 
Glucose and O2 Biofuel Cell

· The size and weight controlling component  
of any mobile electronic system is its 
electrochemical power source, usually a 
battery

· This is so for all implanted and portable 
medical electronic systems

· Glucose and O2 are present in all tissues, their 
reaction providing the consumed energy 

The “Wired” Enzyme Glucose-O2 Biofuel Cell

Redox polymers I and II electrically “wire” the cell’s anodic and 
cathodic enzymes [glucose oxidase (GOx) and bilirubin oxidase 
(BOD)] in selective and  non-leachable electrocatalysts

Glucose

Gluconolactone

Anode Cathode

H2O

O2

e- e- e- e-

e-

I IIGOx BOD

e-
R

T. R. Ralph & M. P. Hogarth, “Catalysis for Low Temperature Fuel 
Cells. I. The Cathode Challenges” Platinum Metals Rev. 2002, 46(1), 3.

Current O2-Cathodes are Inefficient
Example: Losses in the H2-O2 Fuel Cell

The H2 ± O 2 Fuel Cell 



10

Voltage (Polarization) Losses in the 
Electroreduction of O2 to H2O
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A Four-Electron O2-Electroreduction Biocatalyst Superior to Platinum and a Biofuel Cell 
Operating at 0.88 V.  V. Soukharev; N. Mano; A. Heller,   J. Am. Chem. Soc. 126,  8368  (2004)

Platinum in H2SO4

“Wired” Laccase at pH 5

Simplicity of the “Wired” Enzyme 
Glucose-O2 Biofuel Cell

· Unlike platinum group metal catalysts, 
enzymes are specific for their reactants

· Oxidation of glucose at the cathode and 
reduction of O2 at the anode are avoided 
allowing

· One-compartment  fuel cells, operating in 
physiological buffer solution near neutral pH
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Contacts

7 mm carbon fibers. 
Drawn, as the fibers 

are too fine to be
photographed 

2.4 � W Power from a ªWiredº Enzyme Glucose- O2
Micro-fuel Cell  Operating in a Grape

N. Mano, F. Mao A. Heller J. Am. Chem. Soc., 2003, 125, 6588
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Dependence of the Power Output on the Operating Potential 
in a Grape

* The cell consists of two 13 mm diameter, 2 cm long, ªwiredº enzyme-coated carbon fibers. 
Their combined footprint is 0.53 mm2 and their combined volume is  0.0052 mm3

N. Mano, F. Mao A. Heller J. Am. Chem. Soc., 2003, 125, 6588

Simplest and easiest to manufacture fuel cell

Conventional Cell

Case
Case seal 
Membrane
Membrane seal
Contained electrolyte, e.g. phosphoric 

acid
Anode
Cathode
Fuel container
Fuel pump
Plumbing to the anode compartment

Implanted Enzyme ªWiringº
Based Biofuel Cell

Anode 
Cathode

The Smallest Electrochemical Power 
Source

· The volume of our biofuel cell is 0.0052 mm3 , about 
1/1000th of the volume of the smallest battery now 
manufactured  and about 1/10,000th of the volume of 
the smallest previously reported fuel cell

· It produces in one week ~ 1 joule, about 100 times 
more electrical energy than the highest energy density 
Zn-AgO or Zn-O2 cell could produce

· Consists of two 7 mm diameter carbon fibers, 
producing 100 nW per mm of fiber

· Operates for a week at 37°C in a pH 7.2 physiological 
buffer solution, but is rapidly damaged in serum
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· DARPA ±Dr. Robert J. Nowak

· ONR ±Dr. Harold Bright
· The Ernest Cockrell Sr. Chair in 

Engineering, The University of Texas

· The Welch Foundation
· NIH-NIDDK

· NSF
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Ephraim Heller , Founder and First President and CEO of 

TheraSense � Chairman &  CEO, AngioScore, Alameda, CA
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Michael V. Pishko, UT � Penn State Univ.
Ben Feldman, TheraSense (Now Abbott Diabetes Care)
David W. Schmidtke, UT � Univ. Oklahoma
Chr istopher P. Quinn, UT � Crompton Corp., TX
Nor ma Horn, UT � Port Hueneme, CA
Yinon Degani, Bell Labs � Sychip, NJ
Sten-Er ic L indquist, UT � Uppsala Univ. Sweden
Elisabeth Csöregi, UT � Lund Univ. Sweden
Chaim Yarnitzky, Technion, Haifa
Jeffrey A. Hubbell, UT � EPFL, Switzerland
Ting Chen, UT � TheraSense (Now Abbott Diabetes Care)
Nicolas Mano, UT
Scott Calabrese Barton, UT � Columbia Univ. NY
Fei Mao, TheraSense(Just founded his own company)
Tim Goodnow TheraSense (Now Abbott Diabetes Care)
Valentin Soukharev, UT


