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Project Main Goals
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Fully implanted multi-platform
sensor system

Area body sensors network with
RF short distance (within 50 cm)
communication to a wearable
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Design implantable/wearable systems for
continuous monitoring of human metabolism



System Level Integration
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Micro/Nano/Bio technology integration



State -of -the -Art

A. Menarini Diagnostics, Florence
o

In/Out tubing
Almost only for Diabetes
Almost only for Glucose

GlucoDay® and GlucoMenDay® consist of a micro-pump and a
biosensor coupled with a micro-dialysis system



New sub -cutaneous system

Cylinder: 1-2 mm in diameter

Below 2 cm in length

Chip packaging in cylindrical

shape i ke ] EPIDERMIS

A4 permis

1 |

.
=
il B s ' FULLY IMPLAHTED SYSTEM
1 1l 1
il | -
1 il |
. 1

} L SUBCUTIS

Implanted chip only for sensing
and short range transmissions

Porous MEMS/NEMS membrane

to ensure bio-compatibility/fluidics Pl PR I (hypodermis
___,d-fﬂ_. T - v L_JI all
nerye fiber - :
ﬁ:gﬁ?:ssels ‘_l_ 4 = viein
| artery
7\ weat gland  /
" pacin orpuscl

~ Fully implanted system with
fluidics, sensors, electronics, antenna,
data processing and transmission



Innovative aspects

Multi-panel metabolite detection
New array-based biosensors

Ultra-low power data processing and
transmission electronics

Power transmission

Reliable distributed data processing
In situ and off line

Direct benefits include lower cost and more accurat e health
monitoring and support for personal nutrition studi es



Sensor array architecture

Probe enzymes

j—'ﬁ_kTP—ase\_ | 2 Lactate oxidase _Glucose oxidase | Lipoxygenase

P450 11@ / P450 5A1 P430 4A11 Cholesterol  oxidase
Glucose
| actate
Cholesterol

Triglycerides

Different enzymes sense
different target metabolites




I \ ;
Drug toxic but -
beneficial

f
'ﬁgﬁ ‘/S'“"‘E dlaq:nas.s,\A

same prescription

Drug toxic but
NOT beneficial

A
g Drug NOT toxic and

NOT beneficial i S

and beneficial

omes for
r aHEDIS )

Cancer (all types)
Alzheimer's disease
Incontinence
Hepatitis C
Osteoporosis

e

Rheumatoid arthritis
|V||gra|ne (prophylaxis)
Migraine (acute)
Diabetes

Aot

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

Therapeutic area  Rate of efficacy with standard drug treatment

Medicine (May 2001).

Source: Brian B. Spear, Margo Heath-Chiozzi, and Jeffrey Huff,
“Clinical Application of Pharmacogenetics,” Trends in Molecular
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System Biology Is not enough

Thanks to Systems

Biology, we now have
a clear picture of
complex diseases!

(VK

2008



Point -of-Care In
Personallzed Therapy

The Development of Monitoring Point-of-Care Devices
IS a key-factor for succeeding in Personalizedaier



e The Motivation
S e 100.000 $ (machinery)
1.000 $ the single-array
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P450 for Drugs Monitoring

RH (e.g. benzphetamine )

O,

From electrode

Drugs detection ! Cytochrome
P450 2B4
NADP
H-O-H

more soluble
R-OH  Oxidized form then

faster secreted



Drugs detection from Voltammetry

Randles-Sevcik eﬁlﬁ%t[l)on’ 2 Oxidation Potential

i(Ot)u NFAD —— C(Ot
OHu T ©.1)

Oxidation peak

Peak current

Standard Potential

Reduction peak ‘ Reduction Potential

E=E" —Eln

[ Cr(0.1) ]
Nernst equation nF




Drugs detection from Amperometry

Linear diffusion equation
C(x,t) _ 5 T°C(x,1)
Tt x°

Boundary conditions

C(x,0) =C,
lim C(x,t) =C,

X® ¥

t CO1)=0t® ¥

I
Cottrell equation
. NFADY{C(x,t
1(X,t) 5+ (1)
C(X,t) 1/2t1/4
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Problems on Detection Limits
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S. Joseph et al./Biochemical Pharmacology 65 (2003) 18171526

Detection of verapamil by 3A4, an antihypertensive
drug, was from 400 uM to 3mM while its
therapeutic range is below 0.3 uM



An |mproved P450/Electrode coupling
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S.Carrara, et al., Biosensors and Bioelectronics (2010) submitted

Scanning Electron Microscopy clearly show the P450 wrapping
onto each single Multi-Walled Carbon Nanotube



The improved Sensitivity

Electron Transfer

/ Wncement

The P450 11A1 performance in detecting Cholestsrol
Enhanced by a factor 10x by using MWCNT



Drop casted CNT




Emission from CNT
In Water conditions

Water affects K-constants
In FN equation

Electron emission from CNT is enhanced in presence of water
molecules but a plateau is easily reached for few water molecules



CNT as guantum emitters

S.Carrara et al. / Unpublished

P450 proteins and MWCNTS deposiied onto Screen-Printed eiectrode
and the models used for Monte-Carlo Simulations



CNT randomly distributed and
their Electron-Transfer

2000 al. et S.Carrara/ IEEE CME 2010

0 - e -
1 3 5 7 9 11 13 15 17 19 21 23

Angle CNT/substrate

Distribution of CNTs randomly deposited on a corrugated subsate by
Monte Carlo Simulations and comparison between lateral and tip
Electrons-Transfer Emission



CNT Integration directly onto Chip

Multi-Walled Carbon Nanotubes will be directly integrated
onto the Silicon Substrate hosting the CMOS front-end
required for the P450 based detection



The improved sensitivity
on Drugs detection
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P450 2B4 performance In detecting Benzphetamine Is
enhanced by a factor 4x by using MWCNT



Improved Detection Limit
on Drugs detection

CP Therapeutic Range

Cyclophosphamide (CP), an anti-cancer agent,
IS detected by P450 3A4 in its therapeutic range



Cyclophosphamide (CP) detected in Human Serum
within the therapeutic range



Cytochrome Measured Range Therapeutic range Best Sensitivity

(um) (um) nA/UM mm”2

Benzphetamine 500-5000 0-0.074 2.14 (chronoamperometry)
2B4 Amynopirine 100-500 0.01
Cyclophosphamide 0-500 2.6-76.6 0.63
3A4 Dextromethorphan 100-500 0-0.3 0.12
Erytromycin 0-75 0-68 0.26
Naproxen 100-500 21-515 0.25
2C9 Ibuprofen 100-500 0.48-291 0.03
Flurbiprofen 100-500 0.04-41 0.08




Applications in Cardiovascular therapy

1

CYP cytochromes

Drugs principles

}CQ

A

Endogenous metabolic molecules

:Ezéoglicemic aaea,
Angiotensin Blockers,

7\

2D6 <:Eeta bIocker§>
-
. 2B4 < Anti-obesity >
|_3A4,5,7 < HMG CoA Reductas ::Estosteroab

inibitors, Anti-argi [
Calcium channels blockers

N11AL < Cholesterole >

4A11 Arachidonic acid

5A1 {_thromboxane ,g\synthasa




Applications Iin Breast Cancer

wolved in drug

ranges for lismd)

Cyclophosphamidé:() 2,68-76,6 M the sensitivity of
our technology !
Etoposide&)©) w
Ifosfamide? / 3A4
2B6
Mitoxantrone®) 1,84-3,31 M 3A4
1B1 (-)
Tegafuf”) 1 M-10 M 1A2
(contain Fluorouracil) 2A6
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The Problem of
multi-panel arrays response
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Different Drugs give
peaks In different positions

Charging current ‘
Faradic currents

The cytochrome P450 2C9 presents peak shifts in the
range of tens of mV by changing drug substrates



Multiple-Drugs Detection

\ /

| |
The same P450 may detects more drug compounds




The Heterotropic Kinetics

D2

HETERO ACTIVATION

D2

PARTIAL INHIBITION

D1

D1



Inhibition of :
CP detection

CP . . DX

Different amounts of CP and DX result In
two very-well defined peaks once detected by P450 3



2.00 ~ .
CYP2C9 + Flurbiprofen 200 M
1.80 - Peak variation upon naproxen addiction
1.60 -
1.40 -
2120 - Activation of
Z 100 FL detection
= = naproxen 0 uM
3 0.80 - : == naproxen 200 uM
I = naproxen 300 uM
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0.40 ~ | 1
! I
0.20 - : =
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Potential vs Ag/AgCI (mV)

Naproxen (NP) and Flurbiprofen (FL) also resultwo
very-well defined peaks once detected by P450 2C9



Peaks Amplitude Is affected by
the other drugs

Dependence from the other drug concentrations

|

Charging current [ _
Faradic currents

The Gaussian decomposition in cytochrome P450 based
detection has to account for the heterotropic koseti



iV =icv)+ OAlle]le *

"k "tk

Allc)])A AgFap "E T 1
J 0 RT N 142G

1/2
A<([Cj]):A<OnFAD nFRVTDk C, 1- 1+—ezejl(m

*

A general approach for multi-peak decomposition Is
required for hetero activation and partial inhiti



Further Perspective: multi -panel biochip




The irredundant Cover problem
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Irredundant Cover set {s,, S,, S3}

Solution of the irredundant cover problem provides
Improved specificity at system level




Sensor array architecture

Probe enzymes

\// Glucose
Lactate
Cholesterol

Triglycerides
Drugs

Different enzymes sense
different target metabolites



Working principle of
Oxidases based detection

Glucose, or Lactate, or Glutamate, or ...

Product
Oxygen

Hydrogen peroxide Oxidase

@ Amperometric
2€-/ Detection 1




Peroxide Detection

~ 7.5 times more!x

2 order of magnitude!!!

The peroxide detection is highly improved
by using carbon nanotubes



Glucose Detection

The Glucose detection is highly improved
by using carbon nanotubes



L actate Detection

The Lactate detection is highly improved
by using carbon nanotubes



Current (HA)

Detection of 4 mM of glucose

7 _
-—GOD
6. -=- GOD + Nafion
—+—GOD + Glutaraldehyde
- ! I
RVAVa = .
) \ |
X7 A

N
\

-
|

o

10 15 20 25
Time (days)

o
(&)

Of

40



Time stabllity of sensors
IN RAT experiments

Commercial
Glucometer

_——

Implanted system ) ,c0se injection

O

>

The epoxy-enhanced polyurethane membranes provide
long-term stability for implanted biochip



Bio/CMOS Interface
O O

v v

The interface between the CMOS circuit and the bio
sample needs to be deeply investigated beforemlesig



Working principle
of P450-based Detection

Drugs Oxidized drugs

Oxygen Cytochrome P450

@ Amperometric
2€-/ Detection 11




Working principle of
Oxidases based detection

Glucose, or Lactate, or Glutamate, or ...

Product
Oxygen

Hydrogen peroxide Oxidase

@ Amperometric
2€-/ Detection 1




How to measure
a redox reaction?

VOI
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Required Blocks




The basic with Op. Amp.

VOLTAGE
FOLLOWER

TRANSIMPEDANCE
AMPLIFIER




A A

CMOS front-end demands

Precise Current measurements

Multiplexing for different molecules

Reliability in Temperature

Reliability in pH

Multiplexing Molecular Detection with T and pH



1. Precise Current measurements

L

Current-to-frequency converter



2. Multiplexing for different
molecules

O

Different working electrodes are multiplexed
to the current-to-frequency converter



3. Reliability in Temperature

0 0




3. Reliability in Temperature

(O

For VLSI, FET Transistor based circuits
are more suitable than BJT




4. Reliability in pH

9 g

g

In CV, The peak position is pH dependant



4. Reliability in pH

O

The lon-Sensitive FET measure the solution pH



5. Multiplexing Molecular
detection with T and pH

I R N

The switches also multiplex the T and pH measure



Project Main Goals

Fully implanted multi-platform
sensor system

Area body sensors network with
RF short distance (within 50 cm)
communication to a wearable

RF long distance communication

Parallel monitoring of different
patients

Design implantable/wearable systems for
continuous monitoring of human metabolism



Data/power transmission

The implanted sensors are
remotely powered

Bi-directional communication
between external and internal
units

Ultra low power protocol and
modulation

Specific antenna design



Infrared
Radiation (IR)
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Powering Patch

50 cm

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



Multiple Subcutaneous Sensor nodes

7 7
/

Different nodes in RF communication with a wireless portable devices



The induced electromotive force in any closed

circuit is equal to the time rate of change of the
magnetic flux through the circuit
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Test with animal models

\

Parallel monitoring




Positioning within Nano -Tera.ch

Large-scale data acquisition system:
Real-time data provided by nano-sensors

Synergy:
Sensors, electronics, MEMS fluidics, data processing
and communication

Collaborative effort:
EPFL, ETHZ, EMPA, IRB

Industrial participation:
Menarini, Nestle, ACS

Social relevance:
Low cost and more accurate health monitoring



Implantable -IRONIC
Summary

Implantable/wearable system for health monitoring
With applications also to personal nutrition

Flexible and programmable platform
New array-based nano-structured sensors

New low-power electronics for data acquisition and
transmission

New real-time algorithms for data clustering
Design, fabrication and test of demonstrators

Exploit FDA-approved implantable device by Menarini
Roadmap for realization and test in mice



Sensor/electronic/software
co-design

Sensors require specialized low-current detectors
Sensors designed to operate at low-voltage
Low-power sensor/electronic co-design

Arrays yield multiple measurements
Different target molecules to be simultaneously detected
Redundancy is used to enhance dependability

Data sampling and reduction before transmission
Low-effort in situ data processing

Off-line algorithms for data disambiguation
Avoid false positives
Cluster data to provide signature for diagnosis



Conclusions
Nano/Bio/CMOS Co-Design!

A

3-15 nm

New paradigms for Nano-Bio-CMOS co-design are
required to succeed In distributed diagnostics



New Paradigms are required
because...

e e e

\\4

Excellent CMOS technology is not sufficient
If molecules are not doing their own job at
the Bio/CMQOS Iinterface!
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Thank you for your attention!
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