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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

Micro/Nano/Bio technology integration



State-of-the-Art

A. Menarini Diagnostics, Florence
IE: g

e |n/Qut tubing
e Almost only for Diabetes
e 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

1 sweatpore dermal papilla
sensory nerve ending

Chip packaging in cylindrical
shape
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Implanted chip only for sensing
and short range transmissions

Porous MEMS/NEMS membrane
to ensure bio-compatibility/fluidics
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Fully implanted system with
fluidics, sensors, electronics, antenna,
data processing and transmission



Innovative aspects

e Multi-panel metabolite detection
New array-based biosensors

e Ultra-low power data processing and
transmission electronics
Power transmission

e Reliable distributed data processing
In situ and off line

Direct benefits include lower cost and more accurate health
monitoring and support for personal nutrition studies



Sensor array architecture

Probe enzymes

ATP-asey y Lactate oxidase _Glucose oxidase | Lipoxygenase

N\

F45Q llfN P450,5P‘l P43D 4A11 Cholesterol oxidase

e Glucose
e L actate
e Cholesterol

e Triglycerides

Different enzymes sense
different target metabolites
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Drug toxic but
beneficial
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o same prescription
g Drug NOT toxic and

NOT beneficial
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NOT beneficial

Drug NOT toxic
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omes for
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Inerapeutic area  Hate of efficacy with standard drug treatment

Cancer (all types)
rug toxic but

Alzheimer's disease
Incontinence
Hepatitis C 1
Osteoporosis
Rheumatoid arthritis
|V||gra|ne (prophylaxis)
Migraine (acute)
Diabetes
petrm
Cardiac arrhythmias
Schizophrenia By
Depression Y

.
For depression, the data apply specifically to the drug class known wi
as selective serotonin reuptake inhibitors.
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Source: Brian B. Spear, Margo Heath-Chiozzi, and Jeffrey Huff,
“Clinical Application of Pharmacogenetics,” Trends in Molecular
Medicine (May 2001).
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System Biology is not enough

™
Thanks to Systems B 0 Op b A
Biology, we now have O :
a clear picture of
i |
complex diseases! e
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Point-of-Care in
Personallzed Therapy

lrugli| 1sing

The Development of Monitoring Point-of-Care Devices
1s a key-factor for succeeding in Personalized therapy



o, The Motlvatlon
mm > 100.000 $ (machinery)
.- > 1.000$ the single p-array

» 50 $ (machinery)
»0.05 % the single strip

_37 Bayer HealthCare



P450 for Drugs Monitoring

RH (e.g. benzphetamine )

O

From electrode

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

v
more soluble

faster secreted



Drugs detection from Voltammetry

Oxidation Potential

nk'vD
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C(0,t
RT] (0,7)

i1(0,1) < nFAD

Randles-Sevcik e({Jation

Oxidation peak
Peak current

Standard Potential

Reduction peak Reduction Potential
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Nernst equation nF | Cy(0,¢),




Drugs detection from Amperometry

Linear diffusion equation

dC(x,1) - 0°C(x,1)

ot ox”

Boundary conditions
C(x,0)=C,
llm C(x,t)=C,

X—>00

l C0,t)=0,t > o0

Cottrell equation
nFAD"(C(x,t)

112,172
Tt

1(x,1) 3=




Problems on Detection Limits
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[Verapamil] [mM]

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 1s below 0.3 uM



An |mproved P450/Electrode coupllng
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EM.imaging.on P450 onto CNT
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S.Carrara, et al., Biosensors and Bioelectronics (2010) submnitted

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



The improved Sensitivity

BIOSENSOR CHIP 4

al. et 5.Carrara / Biosensors and Bioelectronics 19¢2004) 971-976

chemical to b A
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- Enhancement

0 20 40
Concentration of Cholesterol/uM

I {pad

¥ 'y
;;;;;;;;;;;;;

60 80

S.Carrara, et al., Biosensors and Bioelectronics 24 (2008) 148-150

The P450 11A1 performance in detecting Cholesterol 1s
Enhanced by a factor 10x by using MWCNT



Drop casted CNT




Emission from CNT
iIn Water conditions

Water affects K-constants
in FN equation

1 B withoui elecirie feld
1 EEE with electric field o
1 E=E charge transfer

=
&

=
—
=

=
.M

Mulliken charge (e)
[—]
£

:

L Qiao ef @l Nanotechnology 18 (2007) 155707 (6pp) (L0 -
1 water 3 water 5 water

Electron emission from CNT 1s enhanced in presence of water
molecules but a plateau 1s easily reached for few water molecules



CNT as quantum emitters
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Tip Emissions

Lateral Emissions

., Emission
Mag = 132.71 K X 200 nm

- n WD = 4_3mm EHT = £ Ci
S.Carrara et al. / Unpublished
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P450 proteins and MWCN L's deposited onto dScreen-Printed electrodes
and the models used for Monte-Carlo Simulations



CNT randomly distributed and
their Electron-Transfer

dSideall Currert,
B Tip Current
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al. et S.Carrara / IEEE CME 2010

1 3 5 7 9 11 13 15 17 19 21 23
Angle CNT/substrate

Distribution of CNTs randomly deposited on a corrugated substrate by
Monte Carlo Simulations and comparison between lateral and tip
Electrons-Transfer Emission
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IpiElslalielg directly onto Chip

Multi-Walled Cabon Nanotube be directly integrated
onto the Silicon Substrate hosting the CMOS front-end
required for the P450 based detection



The improved sensitivity
on Drugs detection

1,60 - * MWCNT + CYP2B4
O bare electrode + CYP2B4
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S. Carrara et al., Conference Proceedings of IEEE CME2009, Tempe (US), 9-11, April, 2009

P450 2B4 performance in detecting Benzphetamine 1s
enhanced by a factor 4x by using MWCNT



Improved Detection Limit
on Drugs detection

COMPARISON BETWEEN CP DETECTION LIMIT AND SENSITIVITIES
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S.Carrara et al. f unpublished

Cyclophosphamide (CP), an anti-cancer agent,
1s detected by P450 3A4 1n 1ts therapeutic range



Drugs detection in Human Serum

Current response to Cyclophosphamide
1.05 - (1:1 serum)
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S.Carrara, et al., Biosensors and Bioelectronics (2010) subinitted

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



Drugs detection in the
Pharmacological Range

Cytochrome Drug Measured Range Therapeutic range Best Sensitivity

(uM) (uM) nA/uM mmA2

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
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CYP cytochromes Drugs principles Endogenous metabolic molecules
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Applications in Breast Cancer

concentration
ranges for lism®

Pharmacologice volved in drug

Cyclophosphamide®-®) 2,68-76,6 uM the sensitivity of
our technology !
Etoposide™®-0) 33,98-10L4% uM Ry
Ifosfamide® 160 uM / 3A4
2B6
Mitoxantrone® 1,84-3,31 uM 3A4
1B1 (-)
Tegafur® 1 uM-10 pM 1A2
(contain Fluorouracil) 2A6

The CYP in the table are sorted according to their importance in the drug metabolism.
The simbol (-) means that the CYP isoform is involved as the minor enzymatic components in the drug metabolic pathway.



Breast can rugs cockt

scyclophosphamide, methotrexate, and fluorouracil (CpF)(@(11).
fluorouracil, doxorubicin, and cyclophosphamide (FXC)®):
scyetbphosphamide, doxorubicin and 5-fluorouracit (CAF)©);
uorouracil, epirubicin, and cyclophosphamideXFEC)©)(11)(12).
fluorouracil, doxorubicin, and cyclophosphamide (11)(12);
Ifosfamide, Carboplatin, Etoposide (ICE)®);

sifosfamide , metho- trexate and 5-fluorouracil (IMF)®):
scyclophosphamide, mitoxantrone, and etoposide(12),

[8] New England Journal of Medicine, The [0028-4793] Hortobagyi yr:1998 vol:339 iss:14 pg:974
GABRIELN. HORTOBAGYI, M.D.

[9] Cancer Chemother Pharmacol (1999) 44 (Suppl): S26+528

A.Y. Chang, L. Hui, R. Asbury, L. Boros, G. Garrow, J. Rubins

[10] Journal of Clinical Oncology, Vol 22, No 12 (June 15), 2004: pp. 2284-2293

M. Ayers, W.F. Symmans, J. Stec, A.l. Damokosh, E. Clark, K. Hess, et al.

[11] Journal of Clinical Oncology, Vol 21, Issue 13 (July), 2003: 2600-2608

Manfred Kaufmann, Gunter von Minckwitz, Roy Smith, Vicente Valero, et al

[12] The Lancet [0140-6736] Weiss yr:2000 vol:355 iss:9208 pg:999

Raymond B Weiss, Robert M Rifkin, F Marc Stewart, Richard L Theriault, et al.



The Problem of
multi-panel arrays response
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Different Drugs give

Substrate/inhibitor of CYP2C9 K, (uM) K; (pM) CYP2C9 (mV) Eiia CYP2C9 + substrate (mV)
Torsemide (s) 114 —41 —19
Diclofenac (s) 6.8 —41 —41
Tolbutamide (s) 120¢ —41 —37
S-Warfarin (s) 6" —41 —36
Sulfaphenazole (i) 0.1° —41 —41
COg —41 8

DL Johnson ef al. / Biochemical Pharmacology 69 (2005) 1533-1541
v
- - CF -
(V)=i1-(V)+ ZAkf* !

1 Tk
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

S. Carrara et al., Conference Proceedings of IEEE CME2009, Tempe (US), 9-11, April, 2009

P450-2B4 P450-3A4

Benzphet; L) - anti-obesity Cyclophosph: ’) - anti-cancer agent

extromethorphane ( DX) - analgesic

0.30

Midazolam (MZ) - Anticonvulsant/sedatyfe

0.25 -

0.20

A)

—

=205

0.10

Current

0.05 +

0.00 : : . : . :
-350 -375 -400 -425 -450 -475 -500
Potential vs Ag/AgCl (mV)

|S.Carrara. et al.. Biosensors and Bioelectronics (2010) subinitted |

The same P450 may detects more drug compounds




The Heterotropic Kinetics

e HETERO ACTIVATION

e PARTIAL INHIBITION




Multiple drugs detection: CYP3A4

Ad,2 CP 400 (fixed) DX variable
1600 1 gaussian sum
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Different amounts of CP and DX result in

two very-well defined peaks once detected by P450 3A4



Multiple drugs detection: CYP2C9
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FL detection
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Naproxen (NP) and Flurbiprofen (FL) also result in two
very-well defined peaks once detected by P450 2C9



Peaks Amplitude is affected by
the other drugs

Substrate/inhibitor of CYP2C9 K, (uM) K; (pM) CYP2C9 (mV) Eia CYP2C9 + substrate (mV)

Torsemide (s) 114 —41 —19
Diclofenac (s) 6.8 —41 —41
Tolbutamide (s) 120¢ —41 —37
S-Warfarin (s) 6" —41 —36
Sulfaphenazole (i) 0.1° —il
CO.. Dependence from the other drugl concentrations
l DL Jehn ef al. / Biochemical Pharmacology 69 (2005) 1533-1541

Vv, )

i1 =i,07+ TT4l ¢ ])

Y Wi W=k

Charging current
Faradic currents

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



iv)=ic)+ Y TTAllc,])e

Vk Vj#k

([C ]) AonAD ( . I
e
([C ]) Aon'AD ( : |
_I_
A general approach for multi-peak decomposition 1s
required for hetero activation and partial inhibition
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Further Perspective




The irredundant Cover problem

Irredundant Cower set {5,, 55, S}
Solution of the nredundant cover problem provides
improved specificity at system level




Sensor array architecture

Probe enzymes

ATP-asey y Lactate oxidase _Glucose oxidase | Lipoxygenase

N\

F45Q llfN P450,5P‘l P43D 4A11 Cholesterol oxidase

Glucose
L actate
e Cholesterol

e Triglycerides
e 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 !l




10

Current (pA)

C.Boero, S.Carrara, et al., best paper (@ IEEE Prune 2009

Peroxide Detectio

n

'SPE + MWCNT) TABLE I
SENSITIVITY VALUES FROM LITERATURE
Methods Sensitivity
~ 7.5 times more!! Au-Nafion®- TNTs [11] @ pA MM~ em™

| W Polypyrrole - polyanion/PEG [12]

5 pA mM—1 cm—2

2 4 6 8 10 12 14 MWCNT-chitosan [13]
[H202] (mM)

% pA mM—1 cm—2

chitosan/PVI-Os/CNT [9]

( | 9.?>;¢.A mM~—1 cm—2

2 order of magnitude!!!

[9] X. Cui, Biosensors and Bioelectronics, vol. 22, pages 3288-3292, 2007
[11] M. Yang, Nanotechnology, vol. 19, page 075502, 2008
[12] W.J. Sung, Sensors and Actuators B, vol. 114, pages 164-169, 2006

[13] Y. Tsai, Sensors and Actuators B,

vol. 125, pages 474-481, 2007

The peroxide detection 1s highly improved

by using carbon nanotubes



Glucose Detection

16 -
14 -

«without CNT :
with CNT | | l

Current (pA)

0] 05 1L 15 2 BS 8 BS 4

|glucose] (mM) |

C.Boero, S.Carrara et al. / IEEE CME 2010, submitted

The Glucose detection 1s highly improved
by using carbon nanotubes



Lactate Detection

. 9

i3 + without CNT .
=7 |= with CNT :
Eln— %
—
= !
=
E 6 A
= 4
B
WK . - . +
() 0.5 1 1.5 2
[lactate| (mM)

C.Boero, S.Carrara et al. / IEEE CME 2010, submitted

The Lactate detection 1s highly improved
by using carbon nanotubes



Current (uA)

Detection of 4 mM of glucose

s
|

(oY)
\

[\
|

o
|

)

- GOD
—=— GOD + Nafion
== GOD + Glutaraldehyde
AR '
alpa =\ =
[) I
AN/ )
TR
|
I
|
1 |
|
P

10

15

20 25 30
Time (days)

40



Time stability of sensors
in RAT experlmen_t_s

o N b D

Commeﬁcral :
o d 14 )
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) ucose finjeci
300 16 140
— [m ] oo o
__qn.:_, 250 SR
E 100+
.:L; 200 4 T
@ 1504
(2]
2 100 “1
§ 40 4
50
20 H
Fig. 1. A picture of the implantable glucose biosensor. Sensor: P-IR/GOx/PU- 0 i 0] t
epoxy; reference electrode: Ag/AgClPU-epoxy. 8 43 76 109 9 43 TG 109
Test Time (minutes) Test Time (minutes)

B. Yu et al. / Biosensors and Bipelectronics 21 (20060 ) 22752242

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

Blood Glucose Value (mM)

Blood Glucose Value (mM)



Bio/CMOS interface
O

The 1nterface between the CMOS circuit and the bio
sample needs to be deeply investigated before design



Working principle
of P450-based Detection
()

Drugs Oxidized drugs

Oxygen Cytochrome P450

@ Amperometric
Detection !!!!!




Working principle of
Oxidases based detection

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

Product
Oxygen
@ ) .

Hydrogen peroxide . Oxidase

Amperometric
2€-/ Detection !l




How to measure
a redox reaction?
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Required Blocks




The basic with Op. Amp.

VOLTAGE
FOLLOWER

TRANSIMPEDANCE
AMPLIFIER
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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

Time Baased Potentiostat

~

\in — | — TV ':"*;}_:cuunted
> o T
[ETA L Vref

‘ |

) comparator

e R E EI‘“{]‘ NARULA AND HARRIS: [EEE SENSORS JOURNAL, VOL. & NO. 2, APRIL 2006
- &
— _\_—r

Current-to-frequency converter



2. Multiplexing for different
molecules

_ S oo,
e 0o,

Control Currant to Frequency I

Amplfier .
> i Ll((‘" Converter
p al. et S.Camrara / IEEE Sensors 2010, submitted

M‘J:H_HI; Ma
M2 :“——"; M5

;\-"ic

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



3. Reliability in Temperature

Peak potential shift induced by temperature
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Figure 3. Peack Potential shift versus Temperature
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3. Reliability in Temperature

\Vdd
g R
I
Tterrll_p:rl!Il
:lrma M?E M o
o~ Current

Figure 7. The circuit for the measure of Temperature

For VLSI, FET Transistor based circuits
are more suitable than BJT
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4. Reliability in pH

Peak potential shift induced by pH

=550 -
PH variation - CYP3481 graphite - CMNT

Dda5 5 = -500 -
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Figure 2. .Peak Potential shift versus pH
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In CV, The peak position 1s pH dependant




4. Reliability in pH

. j
rmgl: mz3 J-—o
Cu

J}jul: M24 |:| H—o

Figure 6. The ISFET sensors proposed by Premanode

The Ion-Sensitive FET measure the solution pH



5. Multiplexing Molecular
detection with T and pH

Electrochemical Temperature Current-to-Frequency _HD.;.Ut
Sensor Sensor nsor Converter
llEE'”
l |{'L"|H'u'
.]._sensor Selector (5]
— A A
M2 :" o o s — ,_g 'g_' E 25
i B
M JH—T o—to o P2 E—|E M26
_ p— 4

[switchrem  Switchcar Switchp |
S.Carrara et al. /IEEE BioCAS 2010, submitted

Figure 8. The bloks-scheme of the multiplexing

The switches also multiplex the T and pH measure



s Project Main Goals

Fully implanted multi-platform
sensor system

INFOUT
BODY

SHORT
ISTANCE

FULLY IMPLANTED

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

SO\
I RF long istance communication
_ I
Péraliel “onjtoring of different

LONG DISTAMCE RF

Design implantable/wearable systems for
continuous monitoring of human metabolism



e The implanted sensors are
o =l remotely powered

-« ] @ Bi-directional communication
R between external and internal

units

e Ultra low power protocol and
modulation

e Specific antenna design



Energy Scavenging Strategies

Infrared
Radiation (IR)

Inductive

Couplin
Thermoelectric

Eﬂ%cf

Magnetic
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Inductive Coupling
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Powering Patch

50 cm

An antenna very close to the chip 1s required for the remote powering



Multiple Subcutanec 2nsor nodes
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Different nodes in RF communication with a wireless portable devices



Inductive Coupling

Faraday Law: 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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Inductive Coupling
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Inductive Coupling
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Data Transmission

Using inductive coupling to transmit power to the implanted sensor,
it is possible to realize a bidirectional data communication.
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data-transmission’, Sensors and Actuators A, vol. 115, pp.221-229, 2004




Test with animal models
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Positioning within Nano-Tera.ch

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

Sensors, electronics, MEMS fluidics, data processing
and communication

e Collaborative effort:
EPFL, ETHZ, EMPA, IRB

e Industrial participation:
Menarini, Nestle, ACS

e Social relevance:
Low cost and more accurate health monitoring

bwildings and
smart homes

Micro/nano s ystem com Gl ENVIRONME V
are the enabling technology




Implantable-IRONIC
Summary

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

e 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
e 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!
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New paradigms for Nano-B1o-CMOS co-design are
required to succeed 1n distributed diagnostics



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