
Mass-deployable Molecular Diagnostics 
(MDx), including COVID-19 Testing:

An IC Designer’s Perspective

Arjang Hassibi, Ph.D.

InSilixa, Inc.

2020 TxACE Symposium



Brave New World

No toilet paper Masks for everyone New co-workers

STRANGE



COVID-19 Detection
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What are we detecting?

~100 nm

(S) Spike Glycoprotein
(~10 nm)

(E) Envelope Protein

(M) Membrane Protein

(N) Nucleocapsid

SARS-CoV-2

RNA Sequence(~30,000 nts)

… UGCAUAAUGUGGUUGGACCAUCCAAUGCCGGGUAGU

UAGAUUAGCCCCGCAAAAUCAUCUAUGUAGCAUUGGUG

GUGAUCAUACAAAAUUCCGGCAGCGUGGUCCUUCGA …

< 103 106-109 RNAs/swab

< 10 104-108 RNAs/swab

- 104-108 RNAs/g

- 106-1011 RNAs/ml

Infected
(Onset)

Infected
(Symptoms)



Bat CoV Pangolin CoV SARS-CoV-1 MERS
Common 
Cold CoV
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What is unique?

SARS-CoV-2
(COVID-19)

Pangolin CoV

99.9% 96% 91% 80% 55% 50%

Comparison to SARS-CoV-2 Reference (REF) Sequence

SARS CoV-2 REF. 15670 CTATGGCAATCAAGCCAGCTATAAAACCTAGCCAAATGTACCATGGCCATTTTATATACTGCTCATACTTTCCAAGTTCTTGGAGATCGATGAGAGATTCATT

SARS CoV-2 (Non-REF) 13 CTATGGCAATCAAGCCAGCTATAAAACCTAGCCAAATATACCATGGCCATTTTATATACTGCTCATACTTTCCAAGTTCTTGGAGATCGATGAGAGATTCATT

SARS-CoV REF. 195 CGATGGCAATTAGTCCAGCAATGAAGCCGAGCCAAACATACCAAGGCCATTTAATATATTGCTCATATTTTCCCAATTCTTGAAGGTCAATGAGTGATTCATT

MERS REF. 249 CTAAGGCAACAAGCCCAGCAATGAAACCAAGCCAAATGTACCACGGCCATTTGTTGTAATAAGTATAATTGCCAAGCTCTTTAAGGTCTATGTAAGACTCATT

Organism Strain Seq. Entries

RNA Sequence (~30,000 nts)



1056 tests 
/8 hours
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QIAstat-Dx
(Qiagen)

March 21st

2020

Cobas 8800
(Roche)

GeneXpert
(GeneXpert)

March 31st

2020

March 13th

2020

10-12 tests 
/bay/8 hours

6 tests
/bay/8 hours

FDA 
Approved for 

COVID-19

How is COVID-19 detected today?

Molecular Diagnostic (MDx) Systems



“Signal chain” for MDx

109-1010
+

-

YES/NO

Clinical 
Threshold

Sampling Yield
Storage / 

Transfer Degradation
DNA/RNA 

Extraction Yield
PCR

Amplification
Diagnostic 
“Algorithm”

Clinic / Point of Care
Certified 

Laboratory

Clinical
Decision

Nasal 
Swab

𝑝𝑆 𝑝𝑑 ∝ 𝑒−
𝑡
𝜏 𝑝𝑒

𝑦𝑥 𝐺𝑦
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Error (noise) sources

+

+

+ + +

109-1010
+

-

YES/NO

Clinical 
Threshold

𝑔1 𝑔2 𝑔3

𝑔4

Instrument Internal  
Contamination

Lab / Instrument 
Contamination

User / Lab
Contamination

Sampling
Contamination

No / Insufficient
Sample

Corrupted
Samples

Failed 
Extraction

Failed PCR 
Amplification

𝑝𝑆 𝑝𝑑 ∝ 𝑒−
𝑡
𝜏 𝑝𝑒

Main category of errors are process nonidealities (      ) and contaminations (      )
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Addressing errors: contaminations

+

+

+ + +

109-1010
+

-

𝑔1 𝑔2 𝑔3

𝑔4

𝑝𝑆 𝑝𝑑 ∝ 𝑒−
𝑡
𝜏 𝑝𝑒

Keep those pesky 
humans away

Isolate / firewall 
samples in the lab

Never, ever open 
PCR tubes!

1 2

3

If something leaks in the 
instrument, replace or bleach it!

4
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Addressing errors: Process nonidealities

+

+

+
109-1010

+

-

YES/NO

Clinical 
Threshold

No / Insufficient
Sample

Corrupted
Samples

Failed 
Extraction

Failed PCR 
Amplification

𝑝𝑆 𝑝𝑑 ∝ 𝑒−
𝑡
𝜏 𝑝𝑒

𝑥𝑐

+

-

+

-

109-1010

109-1010

𝑥𝐻

𝑥𝑐 Threshold

𝑥𝐻 Threshold

Use human cells as the
“Sample Validity Control” (SVC)

1

Add known organism as the 
“Sample Processing Control” (SPC)

2

𝑥

3

YES/NO

YES/NO

Use the presence of SPC and SVC to 
validate the test
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Diagnostic algorithm: SARS-CoV-2 (COVID-19) example

Was SARS-CoV-2
Present?

Was SPC Present?

Was SVC Present?

YES

NO

NO

YES

Perform Test
(START)

NO YES

More Sample Left?

YES
NO SARS-CoV-2 (+)

(END)

SARS-CoV-2 (-)
(END)

Failed Test
(END)

Failed Sample
(END)
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Key question

What if you have flu-like symptoms, but your SARS-CoV-2 (COVID-19) test is negative?

Organism/Strain Target Probability1

1 Pan Influenza A 

(-)RNA Virus 22.7%

2 Influenza A Type H1
3 Influenza A Type H3
4 2009 Pandemic H1N1 Influenza A
5 Influenza A Antiviral Resistance Starin
6 Pan Influenza B (-)RNA Virus 16.1%
7 Pan Respiratory Syncytial Virus (RSV) (-)RNA Virus 13.5%
8 Parainfluenza Virus 1 

(-)RNA Virus 8%
9 Parainfluenza Virus 2

10 Parainfluenza Virus 3 
11 Parainfluenza Virus 4
12 Pan Human Metapneumovirus (-)RNA Virus 1.2%
13 Adenovirus B DNA virus

DNA Virus 2.7%14 Adenovirus C DNA virus
15 Adenovirus E DNA virus
16 Coronavirus 229E 

(+)RNA Virus
8.0%

17 Coronavirus NL63 
18 Coronavirus HKU1
19 Coronavirus OC43 
20 Severe Acute Respiratory Syndrome Coronavirus 1 (SARS-CoV-1) 0.00001%
21 Middle East Respiratory Syndrome-Related Coronavirus (MERS) 0.000001%
22 Human Enterovirus 

(+)RNA Virus
6.1%

23 Human Enterovirus D68 0.1%
24 Human Rhinovirus (+)RNA Virus 14%
25 M. pneumoniae Bacterium Bacteria 4.1%
26 C. pneumoniae Bacterium Bacteria 1.4%
27 B. pertussis Bacterium Bacteria 1.0%

TOTAL 98.9%

1 Example numbers; the actual numbers are highly dependent on the year and country/region

“What ‘s wrong with me?”

SARS-CoV-2 (-)
(END)
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Optimal and actionable test

A test that quickly identifies ALL clinically relevant pathogens to enable optimal treatment (if any)

Organism/Strain Target
TEST 

RESULTS

1 Pan Influenza A 

(-)RNA Virus

NEG.
2 Influenza A Type H1 NEG.
3 Influenza A Type H3 NEG.
4 2009 Pandemic H1N1 Influenza A NEG.
5 Influenza A Antiviral Resistance Starin NEG.
6 Pan Influenza B (-)RNA Virus NEG.
7 Pan Respiratory Syncytial Virus (RSV) (-)RNA Virus NEG.
8 Parainfluenza Virus 1 

(-)RNA Virus

NEG.
9 Parainfluenza Virus 2 NEG.

10 Parainfluenza Virus 3 NEG.
11 Parainfluenza Virus 4 NEG.
12 Pan Human Metapneumovirus (-)RNA Virus NEG.
13 Adenovirus B DNA Virus

DNA Virus
NEG.

14 Adenovirus C DNA Virus NEG.
15 Adenovirus E DNA Virus NEG.
16 Coronavirus 229E 

(+)RNA Virus

NEG.
17 Coronavirus NL63 NEG.
18 Coronavirus HKU1 NEG.
19 Coronavirus OC43 NEG.
20 Severe Acute Respiratory Syndrome Coronavirus 1 (SARS-CoV-1) NEG.
21 Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) NEG.
22 Middle East Respiratory Syndrome-Related Coronavirus (MERS) NEG.
23 Human Enterovirus 

(+)RNA Virus
NEG.

24 Human Enterovirus D68 NEG.
25 Human Rhinovirus (+)RNA Virus POSITIVE
26 M. pneumoniae Bacterium Bacteria POSITIVE
27 C. pneumoniae Bacterium Bacteria NEG.
28 B. pertussis Bacterium Bacteria NEG.

Actionable Test
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Example CMOS Biochip 
for COVID-19 Testing 



1

PATIENT SAMPLE

LOADED IN THE 
CARTRIDGE 2

INSERTED IN THE 
INSTRUMENT

RESULTS

20-90 min

MENU OF TESTS

EXTRACTED 
DNA/RNA

53

4

HYDRA MDx system (InSilixa, Inc.) 
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HYDRA biochip module

BACK FRONT

PRESSURIZATION 
BUTTON

SEALING
VALVE

CMOS
BIOCHIP

FLUIDIC 
INLET/OUTLET

BIOCHIP I/O

HEATSINK

1 cm

PLASTIC
COVER (ABS)

PLASTIC
BASE (PC)

FLUIDIC CAP
(COC + SILICONE)

CMOS BIOCHIP
(IC + PCB)

16Hassibi et al., NAR (2009), Hassibi et al., Nature Biotechnology (2018)
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Biochip fluidics

INLET PORT

OUTLET PORT

SEALING
VALVE

BUBBLE
TRAP

CMOS
BIOCHIP

REACTION 
CHAMBER

OVERFLOW
CHAMBER

PRESSURIZATION 
BUTTON

PCB

AIR

FLUID

STEPS:

Load Sample Seal Pressurize to > 2 bar(g) Run PCR Depressurize Never Unseal

AIR



18

CMOS biochip: HYDRA-1KS

32 × 32
Biosensor Array
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TEST
CONTROL

REFERENCE / 
BIAS GENERATOR

TEMP. 
SENSOR

DIGITAL CORE

RESISTIVE
HEATER

TEST I/O

OPERATION I/O (SPI + VDD/VSS + HEATER +/-)

1 mm



PHOTODIODE

120 μm

H
E

A
T

E
R

PHOTODETECTOR
CIRCUIT

CONTROL BUS

BIOSENSOR 
ARRAY

BIOSENSOR 
“PIXEL”

Biosensor array and biosensor “pixels”
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𝜆𝑥

SIO2 

COATING

NWELL/PSUB
PHOTODIODE

CMOS STACK
(180nm, 6M/1P)

DNA 
PROBES

EMISSION
FLUX

𝜆𝑒

EXCITATION 
FLUX

APERTURE 

Material stack of the biosensor “pixel”

EMISSION
FILTER

BIOSENSOR 
ARRAY

BIOSENSOR 
“PIXEL”
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Integrated emission filter
An angle-insensitive interference emission filter with 106 blocking in its stop-band

𝜆𝑥

𝜆𝑒

ABSORPTION

EMISSION

NO FILTER

AOI (0 )AOI (30 )

AOI (50 )

N
O

R
M

A
L
IZ

E
D

 
E

X
T

E
R

N
A

L
 Q

.E
. 

λ (nm) 

λ (nm) 

FLUOROPHORE SPECTRA 

BIOCHIP RESPONSE

S
T

O
P

 B
A

N
D PASS BAND

21



Integrated emission filter
An angle-insensitive interference emission filter with 106 blocking in its stop-band
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In-pixel photosensor architecture
Photocurrent (Iph) detection using an in-pixel 1st-order ΣΔ current sensor

BLOCK 
DIAGRAM

+

DAC

ADC

Iph(t)

-
x[n]

DAC (Δ)

Electrical
Shutter

+

-
+

-

z-1

x[n] 1 32

SH

y[n/N]
D Q

LOAD

0
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+

+

Φ1

fc

Φ2
fc
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+

32

fs = fc /N

Decimation bit cellPhotosensor Pixel

Vd

MODE

SH

Iph

Iref

Current Integrator (Σ)

ADC 1st Stage 2nd Stage

Down
Sampling

OFF-PIXEL DECIMATION BIT-CELLIN-PIXEL TOPOLOGY

𝜆𝑥

𝜆𝑒

23Manickam et al., JSSC (2018)



Performance

𝜆𝑥

𝜆𝑒

LOW GAINMID GAINHIGH GAIN

EXPERIMENTAL

SIMULATION

LOW GAIN

MID GAIN

HIGH GAIN

DETECTION DYNAMIC RANGE

SIGNAL-TO-NOISE RATIO

P
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T

O
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U
R

R
E

N
T

 (
A

) 
S

N
R

PHOTON FLUX  (photons/cm2/s)

PHOTOCURRENT (A) 24
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Biochip Architecture

16×32
Photosensor

Array

(Right)

16×32
Photosensor

Array

(Left)

Row Decoder Row Decoder
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Row Decoder (Readout) Row Decoder (Readout)Digital Core and SPI Control

Operation I/O

Test
Control

Test Decoder

Test I/O

Bias Generator

Row Decoder

16×32
Decimation

Array

(Left)

16×32
Decimation

Array

(Right)

Row Decoder

Temperature Sensor

Heater (+) Heater (-)



Thermal performance for PCR

TEMP. 
SENSOR

RESISTIVE
HEATER

PCR PROFILE + MELT (TYPICAL)
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Cq1 Cq2 Cq3 Tm1 Tm2 Tm3

1 2

3

Typical MDx workflow
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Panel 
Number Organism Name Target Type

Inclusivity 
Strains

1
Pan Flu A (Segments 7 and 8) (-)RNA virus

8956 (segment 7)
2 7954 (segment 8)
3 H1 Flu (Segment 4) (-)RNA virus 10,797
4 H3 Flu (Segment 4) (-)RNA virus 12,489

5 Pandemic 2009 H1N1 (Segment 6) (-)RNA virus 5533
6 Flu Antiviral Resistance (H275Y) (-)RNA virus (SNPs) 5533
7

Pan Flu B (Segments 7 and 8) (-)RNA virus
3371 (segment 7)

8 4576 (segment 8)
9 Pan RSV (-)RNA virus 787

10 Parainfluenza 1 (-)RNA virus 18
11 Parainfluenza 2 (-)RNA virus 6
12 Parainfluenza 3 (-)RNA virus 79
13 Parainfluenza 4 (-)RNA virus 8
14 Pan Human Metapneumovirus (-)RNA virus 121
15 Adenovirus B DNA virus 127
16 Adenovirus C DNA virus 28
17 Adenovirus E DNA virus 8
18 Coronavirus 229E (+)RNA virus 7
19 Coronavirus NL63 (+)RNA virus 63
20 Coronavirus HKU1 (+)RNA virus 31
21 Coronavirus OC43 (+)RNA virus 91
22 SARS-CoV-2 (+)RNA virus 15,900
23 Human Enterovirus D68 (+)RNA virus 95

24 Enterovirus/Rhinovirus (Combined) (+)RNA virus (Variant Region) 657
26 M. pneumoniae (P1) bacterium 40
27 C. pneumoniae (ompA) bacterium 80
28 B. pertussis (ptxA) bacterium 1041
29 Human RPL32 (Sample Control) host (human) DNA 3
30 S.Pombe (Process Control) yeast 1

DATABASE: Internal
TARGETS: 28
PROBES: 80 (Redundancy = 4)

URI

DEVELOPMENT
TIME

BIOCHIP
USAGE

30%
6 

MONTHS

TEST: Comprehensive detection of 28 bacteria 
and viruses relevant to URI’s

Upper respiratory infection (URI) CMOS biochip



Looking forward …



2-3 MONTHS

APPLICATION 
REQUIREMENT

2-3 MONTHS END

EXPERIMENTAL 
SETUP

COMPUTATIONAL 
DESIGN EXPERIMENTAL 

VALIDATION

DNA SEQUENCE 
GENERATION

PERFORMANCE 
VERIFICATION

START

TRANSFER TO 
CARTRIDGE

ASSAY 
DEVELOPMENT

BIOCHIP 
VERIFICATION

CLINICAL 
VALIDATION

CLINICAL 
VALIDATION

We need rapid application development
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NEW
DESIGN

TSMC Fab 12

MEGA
FOUNDRIES

WAFER 
PROCESSING

ADVANCED 
PACKAGING

PROBE PRINTING

InSilixa

1

2

3

4

5

CMOS 
BIOCHIP6

CARTRIDGE7

We need fabless 
manufacturing
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We need “more evolved” behavior

Prevention? Diagnostics? Invest time/money? How about now?

Nope, I am 
good.

IT HURTS!

Where is my 
treatment?

Masks
suck!

32

Where is my 
vaccine? Kill all the 

pangolins!

Invest in 
fried 

bananas!

2019 2020
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