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MICRO-614: Electrochemical Nano-Bio-Sensing 
and Bio/CMOS interfaces 

Lecture #15
Portable, Implantable, and 
Wearable Devices,…& Beyond!!!



Glucometer on iPhone
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An Electrochemical Sensor / An Electrochemical Cell

An Electronic Frontend

An Unser’s interface



Wearable Glucometer by Abbot
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An Electrochemical Sensor / 
An Electrochemical Cell

An Electronic Frontend

An Unser’s interface
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Wearable Devices expected by 2030

From 3 billion in 2025, Research Nester estimates that, 
there will be 26 billion connected IoT devices by 2030
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Comment

Fully-Connected Human++

Courtesy, Hugo De Man (IMEC)
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Toward innovative systems we need:
1. Fully integration of Biomolecules to assure 

specificity
2. Fully integration of Nano-structures to 

assure sensitivity
3. Proper CMOS frontends to assure 

(i) Precise Current measurements,
(ii) Multiplexing for multi-metabolites, 
(iii) Reliability in Temperature and pH

Bio/Nano/CMOS Co-design !
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Portable, Implantable, ‘n’ Wearable

Monitoring scenarios

Portable

Wearable
Implantable
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Portable: e.g., Intensive Care Units

Monitoring scenario where the main parameters of the patient 
are continuously displayed on an Android mobile device

F. Stradolini, et al., IEEE Sensors Journal 16(2016) 3163 - 3170
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Monitoring in Intensive Care Units

The whole system with the AndroidTM
interface that allows connectivity too
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F. Basilotta, et al., IEEE BioCAS 2015



Glucose and Lactate in flux

Chronoamperometry for glucose (grey) and lactate (orange) 
acquired with the fluidic system
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F. Basilotta, et al., IEEE BioCAS 2015
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Emulation of Organs Failure

(c) S.Carrara 11

I. Taurino, et al., RSC Advances 6(2016) 40517-40526

K+ acquisitions during cell’ osmotic chock
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F. Stradolini, et al., IEEE NGCAS 2017

Monitoring and Injection in Surgery



Detection of Anaesthetics
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F. Stradolini, et al., IEEE Trans. BioCAS 12(2018) pp. 1046-1064 

Sensors for Propofol, Paracetamol, and Midazolam have been 
successfully developed and tested
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Chrono vs Cyclic: which best?
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Lab vs Field: what change?
Stirring vs Non-Stirring 

Usually, all the papers about 
electrochemistry we find in literature are 
showing data acquired with a Stirrer that 

assure best conditions with respect 
diffusion phenomena.

Does any conclusion we read on those 
papers be applied, for example, to 

measure on-the-skin?
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The Stirrer
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Reality vs Ideality
Stirring vs non-Stirring
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Magnetic stirrer

Electrochemical
Sensor (Electrodes)

Connector

Hotplate/Stirrer

Top view

Side view

Water drop setup



Cyclic Voltammetry
Stirring vs non-Stirring

(c) S.Carrara 18



Chronoamperometry
Stirring vs non-Stirring

(c) S.Carrara 19

APAP 0-300 uM at 0.4V, acquisition each 50 sec. in both the cases



Stirring Water drop 

Sensitivity in CV 2.62 0.13

Sensitivity in CA 0.0045 0.012

Overall SD low high

In CV, both sensitivity and standard division in normal experiment are better than 
water drop. Therefore, the limitation of detection of water drop experiment is 
worst (higher) than normal experiment.
In CA, result is almost the same as CV but sensitivity is higher in water drop 
experiment. Maybe because of the injection position.

CV vs CA
Stirring vs non-Stirring
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Wearable Monitoring Devices

Metabolites Monitoring on the skin
T.Kilic, al. et S.Carrara / ICECS 2016
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Metabolites on the skin
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Wearable Sensors

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



Flexible Electronics

The Detection system has been realized 
on flexible PCB
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I.Ny Hanitra, et al., IEEE MeMeA 2018
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Nicotine @ Wearable

24

E. Mehmeti, al. et S.Carrara / Microchemical Journal 158(2020) 105155

The Detection of Nicotine on the skin of 
heavy and light smokers
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Na+ & K+ @ Wearable

25

The Detection of ions in sportsmen

Francesca Criscuolo, al. et / Sensors And Actuator B, 2020 submitted
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Li+ @ Wearable

26

Non-invasive monitoring of Lithium 
as Drug in Bipolar Disorder

Francesca Criscuolo, al. et / IEEE Sensors Journal, 2020 in press
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Sub-cutis
Skin

50 cm

1 cm

An antenna very close to the chip is required for the remote powering

Under-the-Skin Devices & Wearable
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The Realized Remote Powering Patch

The patch has been realized with off-the-shelf components

J.Olivo, et al. / IEEE IEEE Trans. BioCAS 7(2013) pp. 536-547 
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Intermediate layer and ICs
Top-layer with sensors

Wire bonding

Under-the-Skin Device: button’ size

PCB for ICs Antenna for remote powering
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C. Baj-Rossi, et al./ IEEE EMBC14
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Molecular Sensors

pH Sensor

Temperature Sensor

2 m
m

2.
2 

m
m

15 mm
Receiving coil

Under-the-Skin Device: needle’ size 
IC CMOS circuit for transmission and detection

Minimally invasive with size within that of a surgery needle

S.Carrara et al. / IEEE Sensor 13(2012) 1018-1024 



Different amount by different deposition times
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S.Carrara et al. / IEEE Sensor 13(2012) 1018-1024 

Nano-Bio-Sensors by Electrodeposition
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Some Realized CMOS Frontends

Chip # 1 UMC 0.18
IEEE Trans. BioCAS 
8(2014) pp. 891-898

Chip # 2 UMC 0.18
IEEE Sensors Journal 
15(2015) pp. 417-424

Chip # 3 UMC 0.18
IEEE Trans. BioCAS 
10(2016) pp. 955-962

Chip # 4 AMS 0.35
IEEE Trans. BioCAS 

11(2017) pp. 1148-1159
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Energy 
HarvestingKinetic

Thermoelectric 
Effect

Infrared Radiation 
(IR)

Inductive 
Coupling

Magnetic 
Coupling

Fuel Cells

Energy Scavenging Strategies

The realized IC 
requires an energy at 
least of  220 µW!!!
(Vdd=1.8 v)
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Ref. Coil Area
(λ = 10 mm²)

Carrier 
Frequency

Data 
Transmission Bit Rate Power 

Consumption Efficiency Distance Measurement 
Site

Implantation
Site

[8] Tx: 7.8 λ 
Rx: 1.7 λ 4 MHz twd Int.: PWM-ASK

twd Ext.: ASK twd Ext.:125 kbps 10 mW 5 mm Air
Neural

Recording
System

[9] Tx: 196.3 λ 
Rx: 31.4  λ 4 MHz twd Ext.: LSK 5 kbps 6 mW 25 mm Water Bearing 

Colloids Various

[10] Tx: 13200 λ
Rx: 25.2 λ 1 MHz 150 mW 1% (min) 205 mm PVC Barrel Stomach

[11] Tx: 184.9 λ
Rx: 10 λ 1 MHz 10 mW 18.9% 

(max) 5 mm Air Cerebral
Cortex

[12] Tx: 282.7 λ
Rx: 31.4 λ 0.7 MHz twd Int.: ASK

twd Ext.: LSK
twd Int.: 60 kbps
twd Ext.: 60 kbps 50 mW 36% (max) 30 mm Orthopaedic

Implant

[13] Tx: 31.4 λ
Rx: 5 λ 10 MHz twd Int.: ASK 

twd Ext.: BPSK
twd Int.: 120 kbps
twd Ext.: 234 kbps

22.5 mW in vitro
≈ 19 mW in vivo 15 mm Rabbit Muscles

[14] Tx: 196.3 λ
Rx: 3.5 λ 5 MHz twd Int.: OOK 100 kbps 5 mW 40 mm Neural

Stimulator

[15] ≈ Rx: 112.5 λ 6.78 MHz twd Int.: OOK
twd Ext.: LSK twd Ext.:200 kbps 120 mW 20% (max) 25 mm Dog Shoulder Muscolar

Stimulator

[18] Tx: 40 λ
Rx: 0.4 λ 915 MHz 0.14 mW 0.06% 15 mm Bovine Muscle Various

Inductive Coupling

!
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Inductors Design
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The Tiny Spiral Inductors

Two versions of the antenna have been fabricated and tested

S. Carrara et al. / IEEE Sensors Conf. 2012

Multi-layer on PCB

Single-layer on Si
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The Tiny Spiral Inductors on Air

Two versions of the antenna have been fabricated and tested

Multi-layer on PCB

Single-layer on Si

J.Olivo, S. Carrara, G.Demicheli / IEEE TBCAS 2013

Eff=40% Eff=1.4%
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§ 2.09 mW  (25mm – Bovine Tissue)  - THD 2.08%

§ Communication is achieved at 100 kbps

§ 3.6 mW  (14mm – Bovine Tissue)  - THD 2.27%

The Multi-layer Inductor on Tissue

J.Olivo, S. Carrara, G.Demicheli / IEEE TBCAS 2013
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Data Transmission

Power	consumption	vs.	Complexity

Z(load)

Back-scattering read-out
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The IC Potentiostat

The integrated potentiostat works quite well with respect the 
well-know and costly lab-one by Autolab

S.S. Ghoreishizadeh, al., S. Carrara & G. De Micheli / IEEE TBCAS, 2013
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The IC Potentiostat

The integrated potentiostat works quite well with respect the 
well-know and costly lab-one by Autolab

S.S. Ghoreishizadeh, al., S. Carrara & G. De Micheli / IEEE TBCAS, 2013
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Peak estimation on Iw @ WE

New Measurement Method in Drug Sensing by 
Direct Total-Charge Detection in Voltammetry

S.Aiassa et al. / IEEE MeMeA 2020
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Peak estimation on Iw @ WE

New Measurement Method in Drug Sensing by 
Direct Total-Charge Detection in Voltammetry

S.Aiassa et al. / IEEE MeMeA 2020
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Injectable with biocompatible packaging
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Mark Phelps by Medtronic, and the Reveal LINQTM system
47

Syringe-injectable electronics: 
Reveal LINQTM



Android Users Interface

The whole system with the AndroidTM
interface that allows connectivity too

(c) S.Carrara

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

Lactate

48

Glucose

Paracetamol



Connectivity with Smart-Watch

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

(c) S.Carrara

Live Demo @ BioCAS17 

49
49

F. Stradolini, et al., MOBILHEALTH 2016



Connectivity by through the Cloud

Connectivity by through the cloud has been 
successfully investigated too

(c) S.Carrara

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

50
50
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Portable, Implantable, ‘n’ Wearable!

Monitoring scenarios

Portable

Wearable
Implantable

What else?

51
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Body Dust: Drinkable Electronics

Monitoring scenarios

Drinkable!

53



Hyper Curve with Smart Dust

According to Gartner, “Smart dust” is set to take the technology 
industry by storm in the next decade [https://www.gartner.com]
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https://www.gartner.com/smarterwithgartner/5-trends-appear-on-the-gartner-hype-cycle-for-emerging-technologies-2019/


The innovative concept of 
BODY DUST

Imagine to drink a water that contain an electronic Dust 
that spread in your body and then provide diagnostics

(c) S.Carrara 55
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Body Dust

Tracking cancer-cell development 
with “drinkable” electronic sensors

Credit: EPFL news pages

56
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Body Dust: Dramatically Small

Credit: EPFL news pages

57

7-30 μm

Drinkable electronics so small to be filtrated by liver and 
kidneys means sizes on the scale of a blood cell
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(i) Extremely small sensors; 
(ii) Extremely small and thin CMOS; 
(iii) Extremely small data-link; 
(iv) Powering approaches with 

extremely small power-receivers; 
(v) Demonstrating in-body 

applications by drinking

Body Dust: Challenges to address! 

58

Sandro Carrara / IEEE Sensors Journal, 2021
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(i) Extremely small sensors; 

59

Rothe, Joerg, et al. /  Analytical chemistry 86.13 (2014): 6425-6432.

Imagine to drink a water that contain an electronic Dust 
that spread in your body and then provide diagnostics
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(ii) Extremely small and thin CMOS; 
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(ii) Extremely small and thin CMOS; 
CMOS 0.18 μm within 102 μm2 possible?

(c) S.Carrara

IEEE BioCAS 2017
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(ii) Extremely small and thin CMOS; 
CMOS 0.18 μm within 102 μm2 possible?

(c) S.Carrara

IEEE BioCAS 2022
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(ii) Extremely small and thin CMOS; 
DATA 0.18 μm transmission within 102 μm2?

(c) S.Carrara

ArXiv, December 2019
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(ii) Extremely small and thin CMOS; 
DATA 0.18 μm transmission within 102 μm2?
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ArXiv, December 2019



(ii) Extremely small and thin CMOS; 
DATA 28 nm transmission within 102 μm2?
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IEEE SENSORS 2021



(iv) Powering approaches with 
extremely small power-receivers;
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Khalifa, A., Zhang, et al. / 2016 IEEE ISCAS

16 μW received to a 0.039 mm2 area-coil 
by inductive-link



(iv) Powering approaches with 
extremely small power-receivers;
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D.K.Pietch, et al. / 2020 NATURE Biomedical Engineering

65 μW received to a 1.7 mm3 volume-size 
transducer  by ultra-sound



(iv) Powering approaches with 
extremely small power-receivers;
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Three
Scenarios



69

Chip # 5 TSMC 0.18
IEEE MOCAST, June 2022

Chip # 6 TSMC 0.18
(arrived October 2022)
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Chip # 8 TSMC 0.18
(Just arrived 2023)

Chip # 7 TSMC 0.18
(arrived October 2022)

150 μm

Some Recent Bio/CMOS interfaces
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Power Transfer to 150 um-coil



(c) S.Carrara 71

Barbruni Gian Luca, et al., PCT/IB2022/059944, 2022.

Smart Micron-sized Neural Dust
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(i) Extremely small sensors; 
(ii) Extremely small and thin CMOS; 
(iii) Extremely small data-link; 
(iv) Powering approaches with 

extremely small power-receivers; 
(v) Demonstrating in-body 

applications by drinking

Body Dust: Challenges to address! 

72

Sandro Carrara, al. et / IEEE Sensors Journal, 2021
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Conclusions
• CMOS ASICs design is still required for more 

reliable Bio/CMOS Interfaces and, especially, for 
electrochemical sensing for metabolism

• Special Biotech solutions are necessary to target 
the right selectivity in order to uniquely identify 
the right metabolic molecules

• Special Nanotech solutions are necessary to reach 
the right sensitivity and limit-of-detection in the 
ranges of concentrations on human tissues

• Automatic and continuous monitoring of the 
metabolism in humans is actually feasible from 
body tissues to our personal electronics, including 
portable, wearable, implantable, and may be one 
day also spreadable in the form of Diagnostic Dust!



EDMI Microsystems and Microelectronics
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MICRO-614: Electrochemical Nano-Bio-Sensing 
and Bio/CMOS interfaces 

Course outline
1. Probes and Targets Building Blocks
2. Probes/Target interactions (DNA & Ab)
3. Probes/Target interactions (Ox & P450)
4. Probes Detection Principles (DNA or Ox)
5. Probes Detection Principles (P450)
6. Probes immobilization
7. Checking Probes-layer quality (RR+SPR+SEM+AFM)
8. Nanotechnology to prevent Electron Transfer
9. Nanotechnology to enhance Electron Transfer
10.Nanotechnology for Memristive Biosensors
11.Circuits for metabolites detection in Fixed-Voltage
12.Circuits for metabolites detection in Scanning Voltage
13.Circuits for DNA Capacitance and Amperometric Detection
14.Circuits for metabolites detection with multi-panel systems
15.Summary on Bio/nano/CMOS interfaces co-design

Bio

Nano

CMOS

Summary



2 nm

New paradigms for Nano-Bio-CMOS co-design 
are required to succeed in chip bio-sensing

2-15 nm

4- nm 2 nm11 nm
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Aim of the course



Excellent CMOS technology is not sufficient if 
molecules are not doing their own job at the 

Bio/CMOS interface!

e - e - e -

New Paradigms are required 
otherwise...

3x1=2 !??
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CMOS/Sample interface

The interface between the CMOS circuit and the bio-sample 
needs to be deeply investigated and organized
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Bio/Nano/CMOS Co-Design!
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Exercise’ Solutions to get the Credit



end of July
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Final Work to get the Credit



Coordinates
Sandro Carrara Ph.D
EPFL - Swiss Federal Institute of Technology
in Lausanne – Switzerland

Thank you to had chosen the 
EPFL PhD course on

Electrochemical Nano-Bio-Sensing 
and Bio/CMOS interfaces 
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Web: https://www.epfl.ch/labs/bci/
Email: sandro.carrara@epfl.ch
Social: https://www.facebook.com/sandro.carrara.56
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