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� 50 $ (machinery)
� 0.05 $  the single strip

� 100.000 $ (machinery)

� 1.000 $  the single � -array

for DNAfor DNA

for Glucosefor Glucose

LabelLabel --Free: The MotivationFree: The Motivation
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The interaction IgGThe interaction IgG --AgAg

the antigen rests in a very tight binding pocket which is exactly the right size and 
shape to receive it. Other important factors include enthalpic contributions from 
van der Waals interactions and hydrogen bonds, and entropic contributions from 

the release of bound water upon antigen binding 

IgG AntibodyIgG Antibody

AntigenAntigen

Water moleculesWater molecules

No amperometric No amperometric 
detection!detection! ee--
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How to measure the AntibodyHow to measure the Antibody --Antigen Antigen 
binding if they do not provide us a current?binding if they do not provide us a current?

The detection may be provided by the ions charge displacementsThe detection may be provided by the ions charge displacements
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The DNA Detection Principle
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Unlabeled Unlabeled ssDNAssDNAmay be detected withmay be detected withcapacitance capacitance 
measurements as due to charge displacementmeasurements as due to charge displacement
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Electrodes LayoutElectrodes Layout
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Chip Architecture (FTCM)Chip Architecture (FTCM)
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Slope = 0.9837
Intercept = 62 pF 
ssss < 0,3 %

Offset is due to parasitic 
capacitances of cables
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Large time driftLarge time drift

The problem of time instabilityThe problem of time instability

Capacitance variation during DNA hybridizationCapacitance variation during DNA hybridization
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heavy metal ion capacitance detection by using 
phytochelatine as probe molecule 

Large time driftLarge time drift

The problem of time instabilityThe problem of time instability
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The problem of time instabilityThe problem of time instability

Comparison of stability of adsorbed monolayers from 3,30-dithio-
bis(propionic acid N-hydroxysuccinimide ester) (1), 11-mercapto-

undecanoic acid (2), and 16-mercaptohexadecanoic acid (3)

Large time driftLarge time drift



S.Carrara, EPFL Lausanne 
(Switzerland)

17

Large time driftLarge time drift

The problem of time instabilityThe problem of time instability

Capacitance behavior of different films assembled 
by using thiols with different Alkyl tails lengths
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Detection of DNA sequences by using peptide nucleic acid as 
probe molecules immobilized on Silicon with silane linkers

Large time driftLarge time drift

The problem of time instabilityThe problem of time instability
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The problem of large errors in detectionThe problem of large errors in detection

Large Standard deviationLarge Standard deviation

Capacitance variation during DNA hybridizationCapacitance variation during DNA hybridization
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Large Standard deviationLarge Standard deviation

The problem of large errors in detectionThe problem of large errors in detection

Capacitance variation in DNA detectionCapacitance variation in DNA detection
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The Average Capacitance Drift in timeThe Average Capacitance Drift in time

Results in a too large standard deviations on the DNA detectionResults in a too large standard deviations on the DNA detection

Large Standard deviationLarge Standard deviation
3 3 ssssssss : no detection with a : no detection with a 

confidence level up to 99.7%confidence level up to 99.7% WhyWhy ??

The problem of large errors in detectionThe problem of large errors in detection
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The average capacitance upon the frequencies may shows us The average capacitance upon the frequencies may shows us 

the DNA interface layer behaviorthe DNA interface layer behavior
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Targets and probes 
hybridized on the Gold 
electrodes

How to understand the reason How to understand the reason 

of the time instability?of the time instability?

@ 1KHz@ 1KHz

Charge transfer pathways through the DNA layer affect the ideal Charge transfer pathways through the DNA layer affect the ideal 

Capacitance behavior of the layer at interface with the solutionCapacitance behavior of the layer at interface with the solutionsamplesample
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Charge transfer pathways Charge transfer pathways 

through the probe layerthrough the probe layer

The frequency and time dependence of the Average Capacitance The frequency and time dependence of the Average Capacitance 

are similar to those observed on clean electrodesare similar to those observed on clean electrodes

Ions transport through nanometer size layer aperture s
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Nanometer size layer apertures

Normal thiols monolayer films
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Improved surface for capacitance detectionImproved surface for capacitance detection

Thiols may be used to improve the DNA detection capabilityThiols may be used to improve the DNA detection capability

No ways of direct access of the clean gold

CovalentCovalent

bindingbinding Well formed Well formed 

SAMSAM
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ToTo preventprevent nonnon--specificspecific bindingbinding

Different kind of thiols developed by Different kind of thiols developed by G.M.WhitesidesG.M.Whitesides

Just entered the market in 2006Just entered the market in 2006

Improved 1D nanometer size thiols surfacesImproved 1D nanometer size thiols surfaces
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No Nanometer size layer apertures

Ethylene-Glycol thiols monolayer films
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Improved insulating behaviorImproved insulating behavior

Redox reaction of K3Fe(CN)6 on gold electrode (a), 
non-EG-thiols film (b) and EG-thiols film (c)
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Immobilization check byImmobilization check by FluorescenceFluorescence

Antibodies film onto Antibodies film onto 
Thiols monolayerThiols monolayer

DNA film onto DNA film onto 
Thiols monolayerThiols monolayer
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Increased stability by using EthyleneIncreased stability by using Ethylene--Glycol thiolsGlycol thiols

Improved Capacitance StabilityImproved Capacitance Stability
Thiols without glycole segment
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Improved behavior of the CapacitanceImproved behavior of the Capacitance

Capacitance values on ECapacitance values on E--Glycol thiols Glycol thiols 
vs the input signal frequencyvs the input signal frequency

Better Ideal capacitor behaviorBetter Ideal capacitor behavior

Hybridized DNA

0.00

20.00

40.00

60.00

0 2 4 6 8 10

Time [min]

C
ap

ac
ita

nc
e
 [n

F
] .

Capacitance values on Hybridized DNA Capacitance values on Hybridized DNA 
targets monitored in timetargets monitored in time

Very stable time behavior !Very stable time behavior !
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Improved 1DImproved 1D --nanochip arraynanochip array

DNA detection based on ss-DNA-SH terminated directly immobilized 
onto gold and ss-DNA-COOH terminated immobilized onto EG-Thiols
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Improved DNA arrayImproved DNA array

Capacitance vs frequency of COOH-terminated ss-DNA 
immobilized on EG-Thiols

Better Ideal capacitor behaviorBetter Ideal capacitor behavior
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Cancer BioCancer Bio --markers detectionmarkers detection

capacitance measurements in time acquired on the same chip 
spot functionalized by using the ethylene-glycol thiols and 

antibodies against the hepatocarcinoma marker 

No interference by 
non-specific proteins
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Cancer BioCancer Bio --markers detectionmarkers detection
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In Chip (spot-by-spot) and in-spot measurements reproducibility 
of an antibodies based capacitance biochip
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Cancer BioCancer Bio --markers detectionmarkers detection
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Cancer bio-marker titration measurements with aCapacitance based 
biochip functionalized with anti-Human IgM (Ab). Targets from IgM

fraction of hepatocarcinoma Patient’s serum 
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Improved Antibodies arrayImproved Antibodies array

Capacitance vs frequency of Antibodies immobilized on EG-Thiols

bit of lost in Ideal capacitor behaviorbit of lost in Ideal capacitor behavior
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Why the EGWhy the EG --Thiols improve the Thiols improve the 
capacitance detection?capacitance detection?

Large detection 
errors reduction



S.Carrara, EPFL Lausanne 
(Switzerland)

39

Space filling of the EG thiols Space filling of the EG thiols 
to close nanoto close nano --aperturesapertures

Space filling molecular model illustration of EG-thiols film resenting 
a 1:1 mixture of -CON(CH2CH2O)nH (n ) 1, 3, or 6) 

and O2H/CO2- groups.

Water molecules adsorptionWater molecules adsorption
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Water Adsorption in thin filmsWater Adsorption in thin films

Film Water adsorption on alkyl thiol film chains

7 water molecules
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Molecular conformations driven by terminal groups in EG-thiols

OH-terminated

Water Adsorption in thin filmsWater Adsorption in thin films
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Water adsorption and Molecular conformation 
in EG-thiols Film

Water Adsorption in thin filmsWater Adsorption in thin films
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Covalently linked by using threeCovalently linked by using three--glycol glycol 

carboxyl terminated alkyl Thiolscarboxyl terminated alkyl Thiols

OH-terminated

for probes binding

Water Adsorption in thin filmsWater Adsorption in thin films

helical conformation helical conformation
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QCM measurements on EG-thiols film 
conditioned with water buffer

Water Adsorption in thin filmsWater Adsorption in thin films
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Excellent CMOS technology is not 
sufficient if molecules are not doing 

their own job at the interface!

e- e- e-

ConclusionsConclusions

3x1=2 !??
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Coordinates:
Dr. Sandro Carrara Ph.D
Integrated Laboratory Systems
Swiss Federal Institute of Technology (EPFL)
CH-1015 Lausanne
Web: http://si2.epfl.ch/~scarrara/
email: sandro.carrara@epfl.ch
email: sandro_carrara@yahoo.it

Thank you for your attention!Thank you for your attention!

A part of this talk is in the Kriss’s Book: 
VLSI Circuits for Biomedical Applications


