
Fundamentals of Biosensors and Electronic Biochips
EE515 EPFL Master 

Prof. Carlotta Guiducci
Institute of Bioengineering and Institute of Electrical Engineering
Ecole polytechnique fédérale de Lausanne

1C. Guiducci - EE515 



Bioanalytics. Key issues 1/2
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Continuous demand for higher throughput

Next generation sequencing 

Digital PCR

Large number of sequences to be read
Eg DNA/RNA sequencing

Extreme parcellization of samples
Eg Digital PCR

In-flow manipulation of biological elements
Eg Cell separation, droplet formation

Ion Proton, Life Technologies

Fluidigm 
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Targeting ultimate sensitivity/resolution in analytical samples

Single-copy detection in nanoliter wells
Eg: Digital PCR

Precise manipulation and 
measurement of single cells
Eg: Single-cell level analysis

C. Guiducci, et al. 
Nature Methods 

A. Hierlemann, ETH, 
Lab on a Chip 

Single-molecule kinetics observation
Eg: DNA hybridization on a nanodevice

Sorgenfrei et al., 
Nature Nanotechnology
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Drivers for the development of Biosensors 
and electronic biochips

• Multi-target/screening systems

• Sensitivity and robustness to interfering 
agents

• Miniaturization and adapted packaging 
for wearable and portable applications
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Integration and complexity from 
electronic chips to biochips
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Genesis. Electronic chips
• Gordon E. Moore. “Cramming 

more components onto integrated 
circuits“. Electronics, 1965

The Moore’s law  is a prediction on 
Complexity (number of transistors per 
IC), foreseeing it would have 
increased of a factor of 2 approx. 
every 18 months. 
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Scaling 
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Advantages of increasing 
integration/complexity in electronics
1. Improving complexity through integration by 

keeping costs steady
2. Reducing size of transducer without scaling the 

signal
3. Integration grants lower noise and diminishes the 

impact of parasitics
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Complexity in biochips

DNA microarrays on glass or silicon 
substrates. 
External readout systems (optical) 

Molecular affinity arrays on 
sensing arrays
Integrated readout systems 
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Infineon Technologies
CAPACITIVE

no post-RIE residues are observed. The sensitivity of the 
sensor can be expressed by its magnetoresistive (MR) ratio, 
which is the maxima resistance change (in percent) due to 
the applied magnetic field. Fig.6 shows a large improvement 
of device performance by inserting a thin nano-oxide layer 
during deposition [6]. The oxidation of a rough transition 
metal surface tends to remove bumps and spikes, hence it 
smoothes the outer surfaces and enhances the specular 
reflectivity. The nano-oxide layers were formed by exposing 
the fresh metal surfaces to pure oxygen in a separated 
load-lock UHV chamber without breaking vacuum. 
 
The prototype chip was fabricated in 6-metals 0.25µm NSC 
BiCMOS technology, and the post-processed die 
micrograph is shown in Fig.7. Fig.8 demonstrates the 
sensitivity of the complete GMR biochip. The commercial 
magnetic nanoparticle (MACS bead from Miltenyi Biotec) 
with magnetization determined by the Langevin function is used in simulation. These particles are composed of 25 nm 

diameter iron oxide cores and polymer matrix, and dynamic 
light scattering (DLS) shows the average size of the particle 
is around 100nm in diameter. Measured uniform field 
dependence of the pre-amplified signal demonstrates the 
minimum detectable field change is better than 0.1 Oe. A 
single MACS nanoparticle generates the uniform field of 
0.12 Oe over the sensor area (by simulation), which 
indicates the presented biochip can perform single 
nanoparticle (molecule) detection. 

DNA Hybridization Detection 

To demonstrate working biochemistry and spin-valve 
sensors, the DNA assay was first performed using the 
discrete type GMR biochip. Fig.9 shows measured signals 
from both negative (non- complementary DNA) and 
positive (complementary DNA) sensors. We can clearly see 

 
(a) 

 
(b) 

Fig.5: (a) Micro- and nano-fabrication steps for chip post-processing. (b) 
AFM image of the chip surface after step 1. The surface roughness (Ra) is 
below 5͘. 
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Fig.6: Magnetoresistive ratio (MR) and exchange bias field (Hex) 
as a function of oxygen pressure applied during nano-oxide layer 
(NOL) formation. The insertion of NOL dramatically increases 
the MR ratio of spin valve sensors (MR ratio without NOL was 
5%) due to the specular effect.  

 
Fig.7: Micrograph of the post-processed die and SEM images of 
the biosensor array. The prototype chip was implemented in a 
0.25µm BiCMOS process (chosen for its availability). 
Post-processing was performed at the Stanford Nanofabrication 
Facility (SNF). 

Stanford U. 
MAGNETIC

Austin U
ELECTROCHEMICAL

•  2010 IEEE International Solid-State Circuits Conference 978-1-4244-6034-2/10/$26.00 ©2010 IEEE

ISSCC 2010 PAPER CONTINUATIONS

Figure 6.9.7: Chip micrograph.

ELECTROCHEMICAL
i-Stat.  Abbott

Examples of molecular affinity arrays on integrated electronics
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Biochips. 
Discussion on the intrinsic limitations of reducing the sensor 
size
Surface sensor, in flow injection of sample.
Role of the sensor surface size 
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Box 1 Example microscale and nanowire sensors

We first consider a microscale sensor, modeled as a flat square of
width L ¼ 50 mm and length Ws ¼ 50 mm, in a microchannel of
height H ¼ 100 mm and width Wc ¼ 100 mm, through which a
solution of target protein with concentration c0 ¼ 10 fM and
diffusivity D ¼ 10 mm2/s flows with rate Q ¼ 10 ml/min. First-order
reaction kinetics are assumed with kon ¼ 106 M–1 s–1 and
kon ¼ 10"3 s–1, giving KD ¼ 1 nM, and binding-site density is
assumed to be optimized at bm ¼ 2 # 1012 sites/cm2.
Mass transport: convection and diffusion limits. The channel Peclet
number, PeH ¼ Q/WcD ¼ 1.7 # 105, indicates that the depletion
zone is much thinner than the channel. Using l ¼ L /H ¼ 0.5, the
shear Peclet number is Pes ¼ 6l2PeH ¼ 2.5 # 105. The large value
of Pes indicates that the depletion zone is much thinner than the
sensor—ds B Ls/Pes

1/3 B 800 nm. The (dimensionless) mass-trans-
port flux is then given by equation 7 to be F E 50. In dimensional
terms, JD ¼ Dc0WsF ¼ 0.15 molecules per second, or one molecule
every 6 to 7 s. This represents an upper limit imposed on analyte
collection by mass transport, which may be further lowered by finite
reaction kinetics.
Reaction limits. The dimensionless concentration ~c ¼ c0=KD ¼ 10"5

is very low, indicating that only a small fraction beq=bm ¼ ~c=ð1+~cÞ &
10"5 of the available sites will actually be bound in equilibrium.
Because there are NR ¼ bmWsL ¼ 5 # 107 total binding sites, the
concentration at which approximately one molecule will be bound to
the sensor in equilibrium is given by c* ¼ KD/NR E 20 a.m., which is
500 times lower than c0. We thus expect an average number NB

R ¼
NRc0=KD ¼ 500 target molecules to be bound in equilibrium, irre-
spective of how the system reaches equilibrium.

The Damkohler number indicates how equilibrium is reached:
because Da ¼ konbmL/DF E 3 is neither large nor small, the micro-
sensor operates neither in the reaction-limited nor diffusion-limited
regime. The time to equilibrate the sensor can be read approximately
from Figure 5: at Da E 3, the time scale for equilibration tCRD is around
three to four times the reaction time scale tR tR ' k"1

off or B1 h
(Fig. 4 (left)).

Next, we consider a nanowire sensor, modeled as a flat strip of
length L ¼ 10 nm and width Ws ¼ 2 mm. All other parameters are
the same as for the microsensor (Fig. 4 (right)).
Mass transport: convection and diffusion limits. As with the
microsensor, the channel Peclet number, PeH ¼ 1.7 # 105,
indicates that the depletion zone is much thinner than the channel.
The smaller sensor gives l ¼ 10"4 and Pes ¼ 10"2, indicating
that the depletion zone is thicker than the sensor
(ds ' Ls=Pe1=2

s & 100 nm) and that the (dimensionless) mass-
transport flux FE 0.7 is given by equation 8 from the main text. In
dimensional terms, JD ¼ Dc0WsF ¼ 8 # 10"5 molecules bind per
second, or one molecule every 210 min. Again, this represents an
upper limit for collection imposed by mass transport alone.
Reaction limits. As for the microsensor, a small fraction
beq/bm E 10"5 of the available sites will actually be bound in
equilibrium. Given that there are NR ¼ bmWsL ¼ 400 total binding
sites, c* ¼ KD/NR E 2.5 pM. Because the target concentration
c0 ¼ 10 fM is much smaller than c*, we expect the sensor to
be essentially ‘empty’, even in equilibrium. In fact, the equilibrium
number of bound molecules is NB

R ¼ NRc0=KD ¼ 0:004: the
sensor will be bound to a single target molecule o1% of the
time. Again, these values hold irrespective of the kinetic approach
to equilibrium.

As for kinetics, the nanowire sensor is reaction limited because
Da ¼ konbmL/DF ¼ 0.03. Mass transport is thus essentially
instantaneous, and binding proceeds exponentially with time con-
stant k"1

off & 17 min. Actual experiments with individual nanowires
would look nothing like the Langmuir binding curve (equation 10 in
main text), however. Assuming single-binding events could be
clearly resolved experimentally, nothing would be bound 99.6% of
the time, with one target molecule bound 0.4% of the time. On
average, each measured binding event would last k"1

off & 17 min,
suggesting B17 min/.004 E 3 days between binding events. One
thousand nanowire experiments, run in parallel, would yield a total
of four bound target molecules, on average, at any given time.
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Figure 4 Example sensors: a microscale sensor (left) and a nanowire sensor (right). Shown are the steady-state depletion zone from the pure mass-
transport problem; both have very high PeH so that the depletion zone is substantially thinner than the channel itself. The depletion zone is thin compared
to the microsensor (from equation 4, ds B 800 nm) and thick compared to the nanowire (ds ' LPe"1=2

s ¼ 100nm), as can be seen in the inset figures.
Reaction-limited binding onto the nanowire follows the Langmuir binding curve (inset, right) whereas the Da E 3 binding for the microsensor is neither
reaction nor diffusion limited, yielding an equilibrated sensor on a time scale three to four times longer than the reaction-limited time scale.
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Collection rate:   JD= D C WS L/δ (molecules 
per unit time)

D diffusion constant 10 µm2/s
C concentration 10 fM
Ws width of sensor 2 µm
L length of sensor 10 nm
δ depletion region 
JD collection rate 8 × 10-5 s

1/JD ≈ 208 min 

1/koff ≈ 17 min  !!! 

Collection is a 
very rare 
event!

Surface sensor, in flow injection of sample.
Role of the sensor surface size 

Mass transport issue!

Biochips. 
Discussion on the intrinsic limitations of reducing the sensor 
size
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DNA sequencing: large-scale pH-based systems. Overcoming 
mass transport issues 



C. Guiducci - EE515 14

Polymerase
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Electrical readout (by-product)

Biochemical readout of strand elongation 
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Interfacing, robustness and user 
friendliness

Increased costs when 
deviating from standard  
microfabrication processes

Ion Torrent 

Translation of lab-on-chip technologies.
Cost drivers



System configuration and Sample 
manipulation strategies
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Example: Impedance-based cytometry

Flow cytometry, single 
cells through a channel

Fluigent

Multiple wells

xCelligence
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FLUIDIGM Quake lab

Hydrodynamic traps

Sample parcellization down to 
nano-liter volume per chamber.
Issues of 
-evaporation
- complex microfluidics

Cell isolation in flow
Challenges to retrieve 
single cells

Sample isolation/parcellization


