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Diabetes Mellitus

• Group of metabolic diseases 
which result in prolonged 
hyperglycemia

• Can result in strokes, 
amputations, or death

• Type 1

• Failure to produce insulin

• Manageable with insulin 
shots
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http://www.remap-ec.eu

(Nathan, 2015)



Diabetes in Developed Countries

• Glucose meters – e.g. 
OneTouch®, insulin pumps

• Accurate, fast, reliable

• $1.50 per test strip

• Extremely high cost lowered 
with insurance (Lawrence et al., 

2014)
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http://continuuminnovation.com

http://www.securingindustry.com

(Vashist, 2013)



Diabetes in Developing 
Countries
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https://www.idf.org

46%
undiagnosed

• Large portion  
of population 
live on <$2 per 
day (Collins et al. 

2009)

• Lack of healthcare 
system and insurance 
(Majikela-Dlangamandla et al., 
2006)
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Low-Cost Biosensors

• Paper microfluidic analytical 
devices (μPADs)

• Benefits:

• Wicking power

• Fabrication through printing

• One-step assembly process 
with origami

• Safe and disposal via 
incineration

https://gmwgroup.harvard.edu/pubs/pdf/1178.pdf

http://www.sciencedirect.com/science/article/pii/S0956566312001145

(Noiphung et al., 2013; Sechi et al., 2013; Chun et al. 2014)
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High Sensitivity Devices

• Development of new 
methods improved 
sensitivity (Li et al., 2015)

• Fluorescence and 
Chemiluminescence

• Needs detection equipment

• Electrochemistry

• Needs potentiostat

• Used with 3-electrode 
systems

http://img.directindustry.com/images_di/photo-g/36060-5688351.jpg

http://www.sci.ku.ac.th:8000/th/sec/images/stories/news/instrument/poten.jpg

(Dungchai et al., 2009;  Nie et al., 2010)
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How can a low-cost, standalone, self-powered, 
disposable biosensor be fabricated for use in 

resource-limited areas?
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Self-Powered Sensors 

• No need for external power

• Anolyte produces sufficient 
energy to trigger signal

• Rapid, selective, sensitive

• Can be paired with 
electrochemistry to remove 
potentiostat

(Katz et. al., 2001)

http://pubs.acs.org/doi/abs/10.1021/ja0167
102
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Operating Principle 

Reservoir CathodeAnode

O2Glucose

H2O2,

Glucono-

lactone

H2O
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e- e-

H+

• Employs enzymatic 
fuel cell (EFC) to 
combine μPADs with 
self-powered sensors
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Assay Procedures

1. Sample (blood, 20 μL) introduced through holes

2. Voltmeter attached over integrated resistor

3. Reading on voltmeter is proportional to glucose 
concentration

4. Concentration calculated via a calibration chart
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Methods: Reservoir
Anode 

Layer

Anode 

Reservoir
Cathode 

Layer

• Whatman #1 Filter Paper

• Wax boundaries printed with 
Xerox Phaser Wax Printer

• Forms microfluidic pathways

• Removes need for pumps

• Promotes immediate power 
generation
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Methods: Bioanode
Anode 

Layer

Anode 

Reservoir
Cathode 

Layer

• Carbon ink spread through a 
stencil

• Glucose Oxidase (GOx)
mixed with chitosan spread 
over surface (Liu et. al. 2005)

• Two inlets cut for sample 
introduction

Anode 

Layer

(back)
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Methods: Air-Cathode
Anode 

Layer

Anode 

Reservoir
Cathode 

Layer

• Nickel deposited on paper

• Activated carbon in binder 
solution (DI water, Nafion 
solution, isopropanol) (Lee and 

Choi, 2015)

• Completes redox reaction 
with atmospheric O2

• Air-cathode never before 
used in EFCs
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Methods: Assembly

• Copper tape pressed over 
electrode leads

• Aids in electrical connection

• Layers glued together

• Total Cost: $0.15

Copper 

Tape

2.5 

cm

(1) (2) (3)

Inlets

Electrical 

Contact
Reservoir

Cathode

Anode

Hydrophilic Region

Hydrophilic Region
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EFC Results

Power Output Curve Polarization Curve

• Power generation high enough to sensitively resolve varying 
glucose concentration 

• Mass-transfer limitations
• Open Circuit voltage (OCV): 240 mV with <2.0% variation
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Assay Results

• Calibration curve with R2 = 0.996
• Sensitivity = 0.02µA mM-1

• Stored several devices at 4°C for one month
• Showed good agreement with previous results

Power Output Curve Calibration Curve (1 MΩ resistor)
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Discussion

• 3D paper-based self-powered glucose sensor 
reported for first time

• Functions with a single drop of sample

• Could be administered without medical professional

• Start up time: less than 30 seconds

• Quickly and easily operated

• Low variation in OCV corroborates repeatability

• Devices fabricated by hand
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Discussion

• Long term stability/shelf life

• Can be stored for shipping and distribution

• Safe, environmentally friendly, and disposable

• Minimizes risk of contamination

• Cost is an order of magnitude less than a single 
OneTouch® paper test strip ($0.15 vs. $1.50)
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Limitations and Future Work

• Increase anode reservoir size to reduce mass-
transport

• Further reduce cost by replacing Nafion solution

• Biosensors still needs a voltmeter (<$10) to relay 
information
• Paper-based readout to remove this requirement
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Significant Findings

• Novel combination of μPADs with self-powered 
sensor

• Sensitive and reliable device fabricated on paper 
using a hybrid enzymatic methodology for first 
time

• One of most inexpensive glucose sensing systems 
to date


