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Master in Electrical and Electronics Engineering

EE-518: Analog Circuits for Biochip

Subject of the week Chapter’ paragraphs
Week 1 Biochips & Related Applications (Sandro) §1.1-1.4*
Week 2 Equivalent Circuits for Bio/CMOS ir&c.:es @a_[[a_[a §2.2-3,8-9; §4.4.2-3; §5.5.4; §10.2*
Week 3 Brain/Machine interfaces: Circuit for Electrical Stimulation/Sensing (Sandro Course slides (**)
Week 4 Circuits for Amperometric Potentiometric Chemical Sensing (Sandro) §5.2-3; §10.1-6, and §12.1*
Week 5 Circuits for Capacitive & Impedimetric Chemical Sensing (Sandro) §5.5 & Chap. 13*
Week 6 Architecture of wireless implantable systems (Alexandre, 3 hours lecture) Course slides (**)
Week 7 Inductive links TX (power, data) (Alexandre, 2 hours lecture, 1 hour exercise) Course slides (**)
Week 8 Inductive links RX (Alexandre, 2 hours lectuge, 1 hoyg exercise) - Course slides (**)
18-23/04 EASTER HOLIDAY A i m
Week 9 RF telemetry TX, RX (power, data) (Alexandre, 2 hours lecture, 1 hour exercise) Course slides (**)
Week 10 RF telemetry (Alexandre, 1 hour lecture, 2 hours exercises) Course slides (**)
Week 11 Introduction to antennas and radiation regulations (Anja) Course slides
Week 12 WBAN Antennas (Anja) - Course slides
Week 13 WBAN Antennas (Anja) A . S—kﬂ—ve—w—i_k Course slides
Week 14 Review for final exam

*S. Carrara, Bio/CMOS interfaces and Co-Design, 2nd edition, Springer, 2024 - ** Supporting reading references announced in the slide set
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What’s about BioChip?

ECUOHD

That means “electronics to cope with biological processes”

(c) S.Carrara 6



What’s about BioChip?

BioChip = The Life coupled with Electronics

Bio/CMOS interfaces

That means also “biological systems
coupled with electronics™

(c) S.Carrara



Brain/Machine interfaces

BATTERY

l CmTx

[ —)

RF Base Station

TRANSMITTER

3-coils IPT

Data;, 1
Image
Processing
Receiver
— | -
N ?E?s

Image =t Phopshene
Capturing
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Wearable Devices

-> Wearable health electronics

Head band
Sleep, brain electrical

Glucose monitor
Blood sugar

Earplugs
Heart rate, respiration

Chest strap
Heart rate, cadence,
balance

Smart clothing
Heart rate, ECG,
respiration, posture

Moveme:ti,nhgeart rate, B | O S e n S O r

temperature, sleep

Wristband
Gait, heart rate, ECG,
respiration, temperature
blood pressure, stress, sleep

Shoe insoles or
clip-on sensor
Cadence, balance

Source: The Economist
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What’s about BioSensors?

Siensery

Techniques to
Sense

By definition, a biosensor is an analytical device combining
a biological component with a physicochemical detector

[Reference to Turner, Anthony; Wilson, George; Kaube, Isao, Biosensors: Fundamentals and Applications, Oxford
University Press, Oxford, UK, 1987]
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BioChip as BioSensors

l
a;m .l
Handbook of

Sensors
T

N
‘)ZTZ&'ZL

\,/
)

(c) S.Carrara

11



BioSensors

EE-518 (Sandro’s part)

EE-518 (Alex & Anja)

~s§»

Recoghnition

) e Transducer
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Lab versus Point-of-Care
, : » 100.000 $ (machinery)

» 1.000 $ the single -
array

e d

=l
o2 ooy, s

(..

7~ Label-Free

> 50 $ (machinery)
»0.05 $ the single strip
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The Quicklab project by Siemens

Drop of blood
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ucometer on |Phone

IBL*S TAR E ¢
p——

.' | iBG »STAR1
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Glucometer on the Skin

L "2

How to use the
FreeStyle Libre System

¥

Apply sensor
with applicater

Scan sensor  ............ Get reading
using FreeStyle Libre on the reader
eader
FOR FULL INSTRUCTIONS

www_freestylelibre.couk )

Glucose Personal Diagnostics on our Skin
(c) S.Carrara 16



The Pancreas Functions

OUT-put Signals

IN-put Signals A nsuim
Lipase
12 ’
Bile aceids map- /4 = Fospholipase A
PH gy I P50 (3 = Cholesterol estarase
Syrinic proteases > & = Endopeptidase

Glucose =) ° =mjp Esopeptidase

Glycagone pancreatic mpp- = Elastase

....... QRibonuclease

Enterochinase

¢) S.Carrara 17
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What to sense?

Simple Glucose (Diabetes)
Molecules | Cholesterol (heart attack )

AFP (Hepato Carcinoma)
PSA (Prostate)

Proteins

DNA | PC-1 gene (prostate cancer)
sequences | p53 gene (Hepato Carcinoma)

Bio-Markers may be simple molecules,
proteins or genes

(c) S.Carrara 18



What else to sense?

Endogenous | Insulin (Diabetes)

Metabolites

B-blockers (heart attack )

Anti-cancer | Cyclophosphamide (Breast Cancer)

compounds | pocetaxel (Prostate Cancer)
Propofol (surger

Anesthetics . P (surgery)
Midazolam (surgery)

Endogenous and Exogenous Metabolites
are usually simple molecules

(c) S.Carrara
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What else to sense/actuate?

Elesc.triczlll Electromyography (EMG = measure of muscle response)
ignals

(recording) Electroencephalogram (EEG = measure of brain activity)
Electrocardiogram (ECG = measure of heart activity)

Electrical | Alzheimer's disease
Signals | Epilepsy
(stimulation) Artificial Retina

) Dopamine
Chemical
. Glutamate
Signals .
Benzphetamine

Signaling form the Nervous System,
both Central and Peripheral

(c) S.Carrara 20



What to sense?

Endogenous | Glucose (Diabetes)

Chemical | Cholesterol (heart attack )
Signals

PC-1 gene (prostate cancer)

Exogenous | Propofol (Anesthetic) deteCt BIO_

Chemical | pocetaxel (Prostate Cancer)

Signals | Cyclophosphamide (Breast Cancer) M arkers ?

Electrocardiogram (ECG = measure of heart activity)

Electrical

Signals Electrocardiogram (ECG = measure of heart activity)

Electroencephalogram (EEG = measure of brain activity)

Bio-Markers may be electrical signals,
simple molecules, proteins, or genes

(c) S.Carrara 21



Measuring Electrical Signals

Biological sy:

Electrodes

The Measure of electrical biomarkers may be
performed with electronic readers

(c) S.Carrara 22



Measuring Molecular Signals

Label-Free!
Targets (e.g., gluchabel ‘ ‘

7~ % 7

Probes (e.g., glucose oxidase)

Acquired Signal ! Acquired Signal !

The Measure of molecular biomarkers may be
performed in a labeled manner or in label-free mode

(c) S.Carrara 23



Fully-Connected Human++

Smart
- Wireless
Body Area Network for health N /Sensors
& comfort monitoring e ?:‘ —
.},4 BAN
VZSSA
o]
\‘Z.zlf/ lood pressure
! Smart
. Phone

Internet

.‘ " ’ |
Source: IMEC ,Aj ._Implants

Courtesy, Hugo De Man (IMEC)
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The Time’ forecast on Human++

Revolutlon e s mg R

n gypt Muslien Brotherhood: \What

[TIME, February 2011]
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The Time’ forecast on Human++

Offline.

The Apple Watch is start.
,-:‘,lewearabletech wnII h ange
-~ yourli life—l keitor not

[TIME, September 2014]
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Chips under the skin?

L 'l‘he .
Guardian

Under the skin: how insertable microchips could unlock
the future

Volunteers in Melbourne have had microchips inserted for three months, designed
to unlock doors and carry out other tasks. Will they really be any use?

THEGUARDIAN.COM

[The Guardian, October 2017]

¢) S.Carrara 27
(c)



How small Chips under the skin?

—

[1966 Sci. Fi. movie titled “Fantastic Voyage”]
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Body Dust:
Drinkable CMOS Bioelectronics

\

S NN = R _ah "';‘
LN Body, DSt Particles 28
- . SN e »”
[ArXiv, May 2018]
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h Patie'ntgroup/ M

| Drug toxic bu %o Bl Drug toxic but
-] 1 beneficial , NOT beneficial

'ﬂl It
&f‘% /Same diagnosis,

same prescription vy
Drug NOT toxic and Drug NOT toxic
NOT beneficial and beneficial

..
Va2, Y
) el = o
d" : ~§v v 2




Low efficacy of used compounds

Therapeutic area  Rate of efficacy with standard drug treatment

Schizophrenia BEGIIPA

62%

Cancer (all types)
Alzheimer's disease
Incontinence
Hepatitis C
Osteoporosis
Rheumatoid arthritis
Migraine (prophylaxis)
Migraine (acute)
Diabetes

psthma

Cardi athyhias
I
I

Depression

For depression, the data apply specifically to the drug class known
as selective serotonin reuptake inhibitors.

Source: Brian B. Spear, Margo Heath-Chiozzi, and Jeffrey Huff,
“Clinical Application of Pharmacogenetics,” Trends in Molecular
Medicine (May 2001).
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Personalized Therapy:
the dose at the right moment!

Concentration




System Biology is not enough

Q'nanks to Systems
Biology, we now have

a clear picture of
complex diseases! )

Cﬂ“‘fug B

(c) S.Carrara
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Personalized Therapy

\f;}\»y z 3. Drug dispensing . s z:ﬂ

Zol2

!

J
!.’:‘_“ . — B —r e S
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2. Drug :
Analysis |
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o

-
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Drugs injection based o patient’s pharmacokinetics
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Need for new multi-panel systems

TARGETS

1

Endogenous Exogenous
metabolites metabolites B

Glucose =—

—
Lactate /
Glutamate ///

Cholesterol

Benzphetamine

Dextromethorphan

Cyclophosphamide

Flurbiprofen

Naproxen

(c) S.Carrara 35




Bio-Probes for Label Free

Probe Enzymes

Glucose Oxidase cose
( =Lac:tate Oxidase Lactate )
- X Glutamate Oxidas& Glutamate

P450 11A1 \ Cholesterol

P450 2B4

enzphetamin

\..\'P450 3A4

Dextrometorphane\

MP450 3A4

Cyclophocphamide\

P450 2C9

/"\\(

Flurbiprofene /

P450 2C9

Naproxene

(c) S.Carrara
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CMOS/Sample interface

The interface between the CMOS circuit and the bio-sample
needs to be attentively investigated and organized

(c) S.Carrara 37



New Paradigms are required
arwise... ‘

Excellent CMOS technology is not sufficient if
molecules are not doing their own job at the
Bio/CMOS interface!

(c) S.Carrara 38



Portable, Implantable, ‘n’ Wearable

Implantable“;'@- m( >

i
kil ‘ Wearable

gelttyimages'
yuoak

Monitoring scenarios

¢) S.Carrara
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Monitoring in Intensive Care Units

F. Basilotta, et al., IEEE BioCAS 2015

""""
b, "
e

B e I LU LU | ; n P T T \\\\\\\\\\\\\Q\\\\\‘
. 3 &« ® & 7 © P M R W

The whole system with the Android'™
interface that allows connectivity too

(c) S.Carrara 40




Monitoring and Injection in Surgery

RaspberryPi

Serial Port

Infusion Pump

TCP/IP

¢ g

¢) S.Carrara 41
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Monitoring Anaesthetics in Surgery

' .
~(

S. Aiassa, et al., Biosensors And Bioelectronics, 171(2021) 112666, 1-7 S. Aiassa, et al., IEEE MeMeA 2020
S. Aiassa, et al., IEEE TBCAS), 15(2021) 294 - 302 S. Aiassa, et al., IEEE Sensors Letters 3(2019) 1-4
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Wearable Monitoring Devices

_~— TOP PROTECTIVE TEXTILE
& /~ ANTENNA

SWEAT COLLECTING
PATCH

7 POROUS SWEAT ADHESIVE

T.Kilic, al. et S.Carrara / ICECS 2016

Metabolites Monitoring on the skin

(¢) S.Carrara
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Wearable Monitoring Device
Realized

|.Ny Hanitra, et al., IEEE MeMeA 2018

Wearable Sensors

Wearable Electronics

(c) S.Carrara 44



Flexible Instrumentation

I.Ny Hanitra, et al., IEEE MeMeA 2018

The Detection system has been realized
on flexible PCB

(c) S.Carrara
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Na* & K* @ Wearable

|

W

Perspiration starts (t=0)
—alz | a
o} v .
- o 7
150
®—in situ +
~— E 100 - ex-situ [Na ] . . —-
% ~— . .-’
g 50 - R . 8
w 0
—
+
E 10 - [K ]
S - |
g 5- . — . o .7 o . L — . — ‘_.
o , )
T v T u T - . i . i ' ' ]
0 5 10 15 20 . A

Francesca Criscuolo, al. et / Sensors And Actuator B, 2020

Time (min)

The Detection of 1ons in sportsmen

(¢) S.Carrara
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Smart Bracelet

Flexible Se

Ata Golpoarvar, al. et/ IEEE FLEPS, 2023

The whole system fully integrated 1n a
wearable light-bracelet

(c) S.Carrara 47



Neural Interfaces

Stimulating MEA

Recording MEA

Stimulating MEA

-

P

|

RecordingMEA-

ADOTONHOILOHNAN
NI HOVOdddV TVNOILNIANOD

48
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Biochips for Animals Monitoring

csBie LN

A i '
Air pouch & |

v

Treatment &

v
Analysis | = %

-
The Air Pouch Model in mice has been used

to test the monitoring implants
(c) S.Carrara 49



Y L7 Bt
Full Biocompatible System Packaging

Biosensor

Batteries T

Antenna

(c) S.Carrara 50



Under-the-Skin Device

Top-layer with sensors

Intermediate layer and ICs

PCB for ICs

(c) S.Carrara
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Under-the-Skin Device: implanted

The whole device (with ARIC embedded) was implanted 1n
the peritoneum of the animal and the suture after the surgery

¢) S.Carrara 52
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Remotely Powered Implantable Devices for
Animal Metabolism Telemetry

DATA

( - oo
N e Implantable
Receiver “s
W System

DD
System = /

Manager %
S

Iy 3 Power Amp. / \
‘ ‘J— & Rails | \/ Po}Nering Coil
| | Control X & Y rails

Database Unit

The design of remotely powered implantable systems for
continuous monitoring of small-animal metabolism

(c) S.Carrara



2.2 mm

Under-the-Skin Device

IC CMOS circuit for transmission and detection

Temperature Sensor

pH Sensor

Molecular Sensors

Receiving coil

Minimally invasive with size within that of a surgery needle

(c) S.Carrara 54



Subcutaneous Biochip

Molecular Sensors CMOS fontend | | microController || RF/Remote powering

Antenna
To introduce intelligence, an extremely small microcontrollers

1s introduced into the CMOS interface too

(¢) S.Carrara




Injectable ECG monitoring by Medtronic

Mark Phelps by Medtronic, and the Reveal LINQ™ gsystem

(¢) S.Carrara



Under-the-Skin Devices
with remote powering

B, N
‘\ 50 cm
/s

An antenna very close to the chip 1s required for the remote powering
(¢) S.Carrara 57



Android Users Interface

Monitoring

Glucose
R

Lactate
—_—

Paracetamol
—_—

F. Stradolini, et al., IEEE Sensors Journal 16(2016) 3163-3170

The whole system with the Android'™
interface that allows connectivity too

(c) S.Carrara 58



Connectivity with Smart-Watch

Smartwatches deliver alerts to intensive care doctors

Patients in intensive ca

care must be constantly monitored. Their vital signs are recorded in real time by a series of
biosensors. If an

anomaly is detected, an alert is sent to the doctor on duty.

Live Demo @ BioCAS17

s P /\ : 3 YouTube,

F. Stradolini, et al., MOBILHEALTH 2016

The doctor's smartwalch is

connecied to the main server in
© Lactate the intensive care unit via wifi.
© Bilirubin It keeps the doctor up to date on
© sodium | the patients’ status and alerts the
© Potassium | doctor if there are any problems,
I Temperature

Connectivity till the smart-watch by the WiF1 network
has been successfully investigated as well

(c) S.Carrara
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Connectivity to the Cloud

. Anesthesiologist
Surgeon ‘8’ 7

%
TDM system @ .
{/
O — ’»/,, = D0es,,

N.Tamburrano, et al., IEEE ISCAS 2018, invited paper

Connectivity by through the cloud has been
successfully investigated too

(c) S.Carrara
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In Summary

We can realize Bio/CMOS analog circuits for
electrical and electrochemical measure in humans

We can realize low-cost biochips based

n CMOS

technology, inject printing and other easy and low
cost technologies, including microfluidics

We can then provide reliable measures
human parameters as biomarkers

Automatic and continuous measuremen

f many

ts of the

humans health is actually feasible with our
personal electronics and biochips, including

Multisensory Platform !

(c) S.Carrara
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Designing Bio/CMOS interfaces

S.Carrara  A.Schmi

A. Skrivervik
The Bio/CMOS interface

(c) S.Carrara 62



