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QUESTION 1:

What is a Biosensor?
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Biosensors: Basic Concept

* Transduction can be electronic, optical, mechanical, etc.
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Biosensors: Analytes

Examples
Concentration 

(Copies/ml)
Types/Strains*

Water 3.3 × 1022 -

Glucose 1018 1

Cholesterol 8 × 1017 2

Antibodies/Hormones 108 > 10,000

DNA for Forensics 107 20

Upper Respiratory Viruses (Flu A, 
Flu B, Rhinovirus, etc.)

104 > 50

HIV Virus in Blood 4 × 102 > 50

M. Tuberculosis Bacteria 102 > 300

Bacteria in Blood 10 > 1000

Food Poisoning Bacteria 
(Salmonella, Listeria, E. Coli)

1 > 50

* Including genotypes

Detecting analytes in (aqueous) samples 
using “electronic” devices 
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History
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1953
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US Congress Funds 
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Project

1988

DNA Sequencing 
Invented
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1977

Next-Gen DNA 
Sequencing 

Introduced (454)

Nano-Bio Hype

Bio-MEMS
Hype
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2005

2017
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2011
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Demonstrated 
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1995

20122009

TODAY
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QUESTION 2:

What is a CMOS biochip (biosensor)?
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CMOS Biochip Anatomy
Modified CMOS chips capable of parallel biosensing

BIOCHIP MODULE

I/O

FLUIDIC CAP

I/OI/O

I/O

ARRAY

BIOSENSOR “PIXEL”

BIOSENSOR 
PIXEL
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“Pixels” include bio-recognition elements (probes), transducer, and CMOS-integrated sensor

Biosensing “Pixel” Structure

CMOS-
INTEGRATED
SENSOR

CMOS-
COMPATIBLE
TRANSDUCER
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Parallel Detection: Multiplexing
Probes can define different molecular specificities at individual “pixels”
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PROBE (i)

REFERENCE / CONTROL

PROBE (j)

ACGGCGTTACGATAACGGTACGT

TTGCGGCGAATTAGGCGATTCCC



Creating CMOS Biochips

CMOS IC DESIGN

BIO-
FUNCTIONALIZE

POST-CMOS 
WAFER-

PROCESSING

SPOTTING

SENSOR ARRAY DESIGN

1

2

3
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Manufacturing

8” Wafers
TSMC 180nm CIS Process

CMOS chips are fabricated (steps         and        ) in semiconductor “eco-system”

CMOS CHIP
(200-300 per wafer)

INSILIXA’S 
HYDRA-1KTM

1 2
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Manufacturing
Bio-functionalization (step        ) is performed using automated assembly/spotting equipment3

CVD SYSTEM

PLASMA 
TREATMENT SILANATION IMMOBILIZATION

NON-CONTACT SPOTTING
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QUESTION 3:

Are biosensing detection modalities CMOS-
compatible?
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Versatility of CMOS
All relevant detection modalities are CMOS-compatible

FLUORESCENCE BIOLUMINESCENCE
IMPEDANCE

SPECTOSCOPY CHARGE-BASED

1 Nucleic Acid Amplification Testing

ISSCC 2009

Microarrays
NAAT1

VLSI 2011

Immunoassays
DNA Sequencing

ISSCC 2010

Microarrays

VLSI 2012

DNA Sequencing

YEAR

APPLICATION
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Example [1]
CMOS biochip tailored for high-dynamic range (HDR) bioluminescence detection

Singh et al., VLSI Symp. (2011)

HDR ΔΣ PhotosesnorCMOS BIOCHIP

2
.5

 m
m

15



Example [1]

Singh et al., VLSI Symp. (2011)

3’- GCAACATTTTGCTGCCGAAACCGGTTGCC

5’- CGTTGTAAAACGACGGC

Bioluminescence DNA Sequencing

2
.5

 m
m

16

CMOS biochip tailored for high-dynamic range (HDR) bioluminescence detection

Micrograph



Example [2]
CMOS biochip with low noise charge sensor array

Manickam et al., VLSI Symp. (2012)

Switch-Capacitor Charge integrator w/ CDSMicrograph

0.5 mm

90 x 90 
Array2

.5
 m

m
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Example [2]
CMOS biochip with low noise charge sensor array

Manickam et al., VLSI Symp. (2012)

Charge-based DNA SequencingMicrograph

0.5 mm

90 x 90 
Array

10 µm

Magnetic 
Bead

Self-Primed DNABiotin

Streptavidin

CGGCAGCA

Array Surface

A B

C...AGTCAAAAAAAAGCCGTCGT

0 20 40 60 80 100 120 140 160 180
-2

0

2

4

6

8

10

12

14

16
x 10

-14

1
0

 f
A

30 s

dATP dCTP dGTP

50 100 150 200 250 300

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

x 10
-13

30 s

5
0

 f
A

dTTP

Polymerization

2
.5

 m
m

18



QUESTION 4:

What array densities and pixel sizes are required? 
What are the implications on performance? 
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TS
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QUESTION 5:

What is the HYDRA platform? 
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1 PATIENT SAMPLE
RESULTS IN 
~1 HOUR4

CMOS
BIOCHIP

DNA SENSOR 
ARRAY

2
INSERTED IN THE 
TEST CARTRIDGE

INSERTED IN THE 
READER

HYDRA-1KTM

3

HYDRA Platform
Detection pathogens (viruses and bacteria) through  DNA analysis 



Identification Method

BACTERIA

VIRUS

. . .  AACGTCGTTAC
CACCGTTACCAGCA
TTCAGCAGATCAGC
ATTACGTTTAGCCA
CCGGCAAACGGA …

. . .  GUUACAGCAU
UACAGGACACUUC
GCAGAAUAAAACG
CUUCGCUUUAACG
CCGAUAACUACG …

DNA

(106 bps)

RNA (103 bps)

ORGANISM GENOME
UNIQUE 

SEQUENCES
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“Amplifying” the Signal Biochemically
Known DNA sequences can be exponentially replicated through 

PCR thermo-cycling processes

CYCLE 1 CYCLE N

92 C

60 C

72 C

1 COPY 22 COPY 2N COPY21 COPY

CYCLE 2

Primer (F)

Primer (R)
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Parallel Detection (Multiplexing)

Multiple PCR reactions in a single chamber to identify 

multiple sequences (organisms)

92 C

60 C

72 C

SAMPLE PRIMERS AMPLICONS

REACTION TUBE

pR

pF

pR

pF

pR

pF

nA = 103

nC = 10

nB = 0

1012

1010

30 PCR CYCLES

(230 GROWTH)

0
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Biochip Concept
A biosensor array to detect all of the generated amplicons 

92 C

60 C

72 C

AAA

DNA

PROBES

AMPLICON

SENSOR 

ARRAY

... CCGTTACCAGCATTCAGCAGATCAGCATTACGTTT ...

AAGTCGTCTAGTCGTAATGCA

MATCHING 

SEQUENCES

nA

pR

pF

x(nA)x(nC) x(nB)
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A disposable CMOS biochip module with flow-through fluidic system

HYDRA-1K Biochip Module

CMOS 

BIOCHIP

FLUIDIC

PORT

FLUIDIC

PORT

I/O

1 cm

TRANSPARENT 

COVER

REACTION

CHAMBER

( 40 µl )

Hassibi et al., ISSCC. (2017) 29



1024 integrated DNA biosensors with  
integrated heater

CMOS IC

32 32

ARRAY

HEATER

1 mm 100 µm

PIXEL

DNA

PROBE

H
E

A
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E
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Continuous wave (CW) fluorescence detection for biosensing

Pixel Structure

EMISSION FILTER

HEATER (M4)

METAL

INTERCONNECTS

(M1-M3)

PHOTODIODE

DETECTOR + ADC

DNA PROBES + 

FLUOROPHORES

EXCITATION FLUX (FX)

EMISSION FLUX (FE)

100 µm

DNA 

PROBES

50 µm
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Fluorescence biosensing requires a high dynamic range detector

Specifications

EMISSION FILTER

HEATER

PHOTODIODE

DETECTOR + ADC

EXCITATION FLUX (FX)

EMISSION

FLUX (FE)

Optical Density (OD) > 3.5

Transition Band < 30 nm 

1015-1018 photons/cm2/s

1010-1013 photons/cm2/s

40 C – 95 C

Accuracy < 0.5 C

Rate = 4 C/s

Isig = 15 fA – 15 pA

Ibg = 200 fA – 200 pA
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Photocurrent (Iph) detection using a 1st-order ΣΔ current sensor

Pixel Architecture

+

ΔQ1

DAC
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Iph(t)
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ΔQ2

1 0
VD VC
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INTEGRATOR ADC

DAC

CIRCUIT 

TOPOLOGY

BLOCK 

DIAGRAM

Iph(t)
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Pixel Circuitry
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Pixel: Current Integrator

PHOTODIODE

OPAMP (GAIN ~ 80dB)

CAPACITIVE FEEDBACK

CF1 = 20 fF

CF2 = 180 fF

VOUT

Iph
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Pixel: Quantizer and S&H

CLOCKED 

COMPARATOR

SAMPLE 

AND 

HOLD

DOUT

VOUT

VOUT

VC

DOUT 0 0 0 0 0 0 1 0 0

CLKΣΔ
(100 kHz)

10 µsec
Time 
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Pixel: DAC
PULSE 

SELECTION

NON-OVERLAPPING 

PULSE GEN.

RST

CLKΣΔ

CLK1

CLK2

DOUT [n]

Φ1

Φ2

ΔQ1: DOUT = 1, ΔQ2: DOUT = 0, 

DOUT = 1 :

DOUT = 0 :

tΦ1
tΦ2

DOUT

ΔQ
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Pixel: Layout and SEM Cross Section
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Array Architecture

32 x 32 
ARRAY

R
O

W
 D
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D
ER
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COLUMN DECODER + 
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AOUT
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Resistive heater structure to uniformly heat the entire chip

Temperature Sensor

HEATER (+)
HEATER (-)

2.5Ω @ 25 C
(5V)
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Photodiode Q.E.
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Linearity (λX = 495 nm)

fΣΔ = 100 kHz

OSR = 65,535

fS = 1.52 Hz
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SNR vs. Shot Noise
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SNR shot noise limited

HIGH-GAIN

tΦ1 = 10ns, tΦ2 = 0

LOW-GAIN
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SIMULATION MEASURED
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Filter Response
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Experimental Setup
PROBES

PROBES MAP

FLUIDIC
PORTS (SEALED)

HEAT
SINK

READER
ELECTRONICS

LED (~1 W 
OPTICAL 
POWER)

12 x 12 
BLOCK

1. Influenza A (FluA)

2. Influenza B (FluB)

3. Respiratory Syncytial Virus (RSV)

4. Parainfluenza virus (PIV)

5. Adenovirus C (AdVC) 

6. Adenovirus E (AdVE)

7. Polio 1 (+ Control)

C1/C2:  Manufacturing quality controls
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Multiplex PCR, capture and detection in ~2 hours

Multiplex PCR Setup
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Melt results for ~100 copies/µl of FluA and FluB virus input 

*Relative fluorescence unit

Melt Curve Results
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FluB

FluB

FluB(   )
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Measured melt signature for all inputs

Viral Signatures

60 70

0
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1
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1

60 70 60 70 60 70

FluA FluB RSV

PIV AdvC AdvE

(+) Control
(Polio)

(-)
Control

R
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U

Temperature ( C)

Tm= 60.8°C Tm= 63.6°C Tm= 62.4°C Tm= 61.0°C

Tm= 60.5°C Tm= 63.3°C Tm=61.6°C Tm= NA
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Conclusion

The Good: Ideal technology for point-of-care (PoC) and mass deployment molecular 

diagnostics?

The Bad: Complex and capital intensive manufacturing/assembly processes; requires 

convergence of multiple disciplines beyond engineering

The Hype: An overpromised field with lots of unproven technologies and failed projects, 

and limited successful commercial products
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1.5% DNA
Difference

Bobo the Chimp
(1995-Now)

Albert Einstein 
(1879-1955)

Small Differences Matter



Biosensors: Random Numbers

Examples
Concentration 

(Copies/ml)
Types/Strains

Reimbursement
(US)

Tests per Year 
(US) (Millions)

Consumer
Application

“Electronic” 
Solution

Water 3.3 × 1022 - - - - -

Glucose 1018 1 $10 700 +++

Cholesterol 8 × 1017 2 $15 > 500 +/-

Antibodies/Hormones 108 > 10,000 $15 - $100 > 2000 ++

DNA for Forensics 107 20 $500 50 -

Upper Respiratory Viruses 
(Flu A, Flu B, Rhinovirus, etc.)

104 > 50 $550 10 +++

HIV Virus in Blood 4 × 102 > 50 > $100 25 +/-

M. Tuberculosis Bacteria 102 > 300 NA 0.2 +/-

Gram Negative Bacteria in 
Blood

10 > 1000 > $200 50 -

Food Poisoning Bacteria 
(Salmonella, Listeria, E. Coli)

1 > 50 > $100 100 ++



(Almost) Fabless Manufacturing

NEW
DESIGN

TSMC Fab 12

MEGA
FOUNDRIES

WAFER 
PROCESSING

ADVANCED 
PACKAGING

PROBE PRINTING

InSilixa

CMOS 
BIOCHIP

1

2
6

3

4

5
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Measured Dark Current (ID)
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Correlated double sampling (CDS) to measure ID and signal

Measurement Process
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