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(57) ABSTRACT

The invention relates to a microelectronic sensor device for
the examination of target particles (1) that are bound to bind-
ing sites (3) at the binding surface (12) of a carrier (11). Ina
preferred embodiment, an input light beam (1) is transmit-
ted into the carrier (11), where a frustrated total internal
reflection (FTIR) takes place at the binding surface (12). The
amount of light in a resulting output light beam (L2) is
detected by a light detector (31) and provides information
about the presence of target particles at the binding surface.
Moreover, an actuation unit (50) induces movements of the
bound target particles (1) by an interaction with a magnetic
field (B) or an electric field, particularly with a given modu-
lation frequency (COln), such that by a demodulation of the
detector signal (S) effects of the target particles can be dis-
tinguished from background.
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MICROELECTRONIC SENSOR DEVICE FOR
THE DETECTION OF TARGET PARTICLES

[0001] The invention relates to a microelectronic sensor
device and a method for the detection of target particles that
are bound to binding sites at the binding surface of a carrier.
Moreover, it relates to the use of such a device.

[0002] The US 2005/0048599 Al discloses a method for
the investigation of microorganisms that are tagged with par-
ticles such that a (e.g. magnetic) force can be exerted on them.
In one embodiment of this method, a light beam is directed
through a transparent material to a surface where it is totally
internally reflected. Light of this beam that leaves the trans-
parent material as an evanescent wave is scattered by micro-
organisms and/or other components at the surface and then
detected by a photodetector or used to illuminate the micro-
organisms for visual observation. A problem of this and simi-
lar measurement approaches is that the signal one is inter-
ested in is often only a small variation of a large base signal,
making accurate and robust measurements difficult, e.g. due
to limitations in electronic gain that can be applied on the total
signal.

[0003] Based on this situation it was an object of the present
invention to provide means for an improved detection of
bound target particles, wherein it is desired that a higher
sensitivity and/or accuracy is achieved.

[0004] This object is achieved by a microelectronic sensor
device according to claim 1, a method according to claim 2,
and a use according to claim 13. Preferred embodiments are
disclosed in the dependent claims.

[0005] The microelectronic sensor device according to the
present invention serves for the qualitative or quantitative
detection of target particles that are bound to binding sites at
the “binding surface” of a carrier, wherein said binding sur-
face and carrier (and of course the target particles) do not
necessarily belong to the device. The “target particles” may
particularly comprise a combination of target components
(e.g. biological substances like biomolecules, complexes, cell
fractions or cells) and “label particles” (e.g. atoms, mol-
ecules, complexes, nanoparticles, microparticles etc.) that
have some property (e.g. optical density, magnetic suscepti-
bility, electric charge, fluorescence, or radioactivity) which
can be detected. The term nanoparticle is used for particles
having at least one dimension ranging between 3 nm and 5000
nm, preferably between 10 nm and 3000 nm, more preferred
between 50 nm and 1000 nm. The carrier is usually a solid
body, for example from a transparent material like glass or a
transparent plastic, having one dedicated surface region that
is called “binding surface” here and that comprises at least
one, typically however a large number of binding sites. The
binding sites will usually be realized by capture molecules
that are attached to the binding surface and that can specifi-
cally bind to target particles (molecules) in a sample fluid. In
general, the binding can be based on a chemical binding, an
electrostatic attraction, Van-der-Waals forces or the like.
[0006] The microelectronic sensor device comprises the
following components:

[0007] a) A sensor unit for providing a “sensor signal”
that is indicative of the presence of target particles in an
associated sensitive region of the sensor unit. The “sen-
sitive region” is by definition the volume in which the
sensor unit can detect target particles. The sensor unit
may apply any suitable measurement principle, for
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example an optical detection, the detection of magnetic
or electric fields or susceptibility to these fields, ultra-
sonic detection or the like.

[0008] b) An “actuation unit” for selectively inducing a
movement of bound target particles at the binding sur-
face with respect to the sensitive region of the sensor
unit. In this context, a “movement with respect to the
sensitive region” shall be a movement within the sensi-
tive region and/or a movement that crosses the border of
the sensitive region. In general, the actuation unit may
apply any suited effect to achieve the desired movement
of target particles, for example mechanical vibrations or
a hydrodynamic movement of the surrounding sample
fluid or vibrations of the target particles induced by
externally applied magnetic and/or electrostatic forces.
The movement should be such that the binding of the
target particles is preserved and not broken. Typically,
the movement will be oscillatory.

[0009] c)An “evaluation module” for evaluating the sen-
sor signal of the sensor unit, wherein this evaluation
takes into account the movement of the bound target
particles that was induced by the actuation unit. To this
end, the induced movement may be detected by a sepa-
rate measurement, or, preferably, be inferred from a
control input of the actuation unit. The evaluation mod-
ule is therefore typically coupled to both the sensor unit
and the actuation unit. It may be realized by dedicated
(analog) electronic circuits, digital data processing hard-
ware with associated software, or a mixture of both.

[0010] Thedescribed microelectronic sensor device hasthe
advantage to allow for a more accurate and robust evaluation
of the sensor signals because the measurement of the sensor
unit is correlated with the induced movement of the detected
target particles. Moving for example all bound target particles
out of the sensitive region (or all into the sensitive region) will
vield two signals, a measurement with and a reference mea-
surement without target particles, from which the actual
effect of the target particles can be inferred with high accu-
racy.

[0011] The invention further relates to a method for the
examination of target particles that are bound to binding sites
at the binding surface of a carrier, wherein the method com-
prises the following steps:

[0012] a) Measuring with a sensor unit a sensor signal
that is indicative of the presence of target particles in the
sensitive region of the sensor unit.

[0013] D) Selectively inducing with an actuation unit a
movement of the bound target particles with respect to
the sensitive region of the sensor unit.

[0014] c) Evaluating with an evaluation module the sen-
sor signal while taking the induced movement of the
target particles into account.

[0015] The method comprises in general form the steps that
can be executed with a microelectronic sensor device of the
kind described above. Therefore, reference is made to the
preceding description for more information on the details,
advantages and improvements of that method.

[0016] In the following, various further developments of
the invention will be described that relate both to the micro-
electronic sensor device and the method defined above.
[0017] Inafirst particular embodiment, the target particles
are moved by the activity of the actuation unit through zones
of the sensitive region in which the sensor unit has different
sensitivity. The target particle will therefore evoke different
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sensor signals of the sensor unit when being in different
sensitivity zones. Preferably, the sensitivity of the sensor unit
varies continuously throughout its sensitive region; in this
case, even the smallest movement of a target particle induces
a variation in the sensor signal of the sensor unit. In general,
the non-uniform sensitivity of the sensor unit guarantees that
the induced movement ofthe target particle will have an effect
on the sensor signal, which can be taken into account during
the evaluation of this signal.

[0018] It was already mentioned that the movement of the
target particles can be induced in several different ways. In a
preferred embodiment, the target particles are moved by an
interaction with a magnetic and/or an electric field. This is
possible if the target particles have a property to which a
magnetic or electric field can couple, e.g. if the particles have
amagnetic or electric dipole moment or if such a moment can
be induced. In this embodiment the movement of the target
particles can very well be controlled by the generation of the
magnetic or electric field. For the generation of the field, the
actuation unit preferably comprises a field generator, for
example a permanent magnet, an electromagnet, or an elec-
trode or electrode pair.

[0019] The induced movement of the target particles may
optionally be modulated, preferably in a periodical way with
a given modulation frequency (wherein the frequency deter-
mines the period of some periodic course which needs not
necessarily be sinusoidal). To this end, the actuation unit may
comprise a modulator for modulating its activity in a con-
trolled and preferably adjustable way. Actively modulating
the movement of the bound target particles has the advantage
that this movement can be adjusted to a mode that is optimal
for the intended evaluation purposes. Moreover, the informa-
tion about the controlled activity modulation can be exploited
by the evaluation module as it implicitly comprises the
desired information about the induced movement of the target
particles. Thus the control signal with which a modulator
controls the actuation unit may in parallel be supplied to the
evaluation module for taking it into account during the evalu-
ation of the sensor signal. Furthermore, by inducing and
detecting the movement of the particles in the same frequency
domain, e.g. by using synchronous modulation and demodu-
lation techniques, noise sources in other frequency domains
can be suppressed extremely efficiently.

[0020] Itwas already said that the sensor unit can apply any
suitable measurement principle. In a preferred embodiment,
the sensor unit applies an optical measurement in which the
sensor signal is derived from an output light beam that comes
from the carrier and that comprises light from a frustrated
total internal reflection of an input light beam at the binding
surface. In this embodiment, the microelectronic sensor
device will comprise a light source for emitting the input light
beam towards the binding surface in such a way—i.e. under
an appropriate angle—that it is totally internally reflected
there. The light source may for example be a laser or a light
emitting diode (LED), optionally provided with some optics
for shaping and directing the input light beam. Moreover, the
sensor device will comprise a light detector for detecting the
mentioned output light beam, wherein this detection typically
comprises the measurement of the amount of light in the
output light beam (e.g. expressed as the intensity of this
beam). The light detector may comprise any suitable sensor or
plurality of sensors by which light of a given spectrum can be
detected, for example photodiodes, photo resistors, photo-
cells, a CCD chip, or a photo multiplier tube.
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[0021] For a total internal reflection to occur at the binding
surface, this surface must be the interface between two media,
e.g. glass and water, at which total internal reflection (TIR)
can take place ifthe incident light beam hits the interface at an
appropriate angle (larger than the associated critical angle of
TIR). Such a setup is often used to examine small volumes of
a sample at the TTR-interface that are reached by exponen-
tially decaying evanescent waves of the totally internally
reflected beam. Target particles that are present in this volume
can then scatter and/or absorb some of the light of the eva-
nescent waves which will accordingly not be coupled out
anymore into the reflected light beam. In this scenario of a
“frustrated total internal reflection”, the output light beam of
the sensor device will comprise the reflected light of the input
light beam, wherein the small amount of light missing due to
scattering and/or absorption of evanescent waves contains the
desired information about the target components in the inves-
tigation region. Depending on the concentration ofanalytes to
be measured in the bioassay, the signal one is interested in
(missing light) can be very small with respect to a relatively
large DC, i.e. constant, background. Furthermore, due to the
relatively large background, the signal is prone to distur-
bances from any source. The proposed application of an
induced movement of the target particles helps in this situa-
tion to improve the accuracy of the measurements.

[0022] According to a further development of the afore-
mentioned embodiment, the input light beam can be modu-
lated, wherein the modulation is preferably done in a periodi-
cal way with a given input frequency. Modulating the input
light beam provides it with a characteristic fingerprint which
allows to distinguish in the sensor signal effects that go back
to this input light beam from other effects, e.g. contributions
of ambient light.

[0023] In the above embodiments in which an output light
beam is generated, this beam may optionally be detected with
a camera (e.g. a CCD camera) taking exposures with

[0024] (a) a frequency (frame-rate) that is phase-locked
to amodulation frequency w of the output light beam but
smaller than this modulation frequency w (wherein this
modulation frequency may for example correspond to a
modulated movement of target particles and/or to a
modulation of an input light beam);

[0025] (b) an exposure time (shutter open) smaller than
the modulation period (T=21/w) of the output light
beam.

[0026] Thus it is possible to observe with a camera modu-
lation frequencies in the output light beam that are higher than
the maximal frame rate of the camera.

[0027] The sensor signal that is provided by the sensor unit
is preferably demodulated by the evaluation module with
respect to one or more given frequencies, particular with
respect to a modulation of the induced movement of the target
particles and/or with respect to a modulation of an input light
beam (if such a modulation and such an input light beam are
used). To perform this demodulation, the evaluation unit may
comprise ademodulator as it is well known to a person skilled
in the art of (analogue or digital) signal processing. With the
help of the demodulation, effects that genuinely go back to the
target particles and/or the input light beam can be distin-
guished from other effects, i.e. from disturbances.

[0028] In a particular realization of the aforementioned
embodiment, the modulation of the induced movement of the
target particles and the modulation of an input light beam are
adjusted such that the movement-modulation appears in the
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demodulated sensor signal as a sideband with respect to the
light-modulation. This is for example the case if a sinusoidal
light-modulation takes place at a much higher frequency than
a sinusoidal movement-modulation.

[0029] Depending on the particular task the microelec-
tronic sensor device or the method are applied for, the sensor
signal may be evaluated with respect to different aspects.
Preferably, the sensor signal is evaluated with respect to the
presence and/or the amount of target particles in the sensitive
region of the sensor unit, thus allowing to determine for
example the concentration of particular biomolecules in a
sample fluid. Alternatively or additionally, the sensor signal
may be evaluated with respect to the binding characteristics
of the binding between the target particles and the binding
surface. In this case it is exploited that the reaction of the
target particles to certain actuation forces, e.g. induced by an
electric or magnetic fleld, depend on the strength with which
these target particles are bound, i.e. on the properties of the
associated binding sites (capture molecules). Certain aspects
of the induced movement of the target particles—like damp-
ing factor, resonance frequency, amplitude, phase shift etc.—
will therefore carry valuable information about the binding
site and/or the operating conditions at the binding surface
(e.g. the viscosity of the surrounding fluid).

[0030] Theinvention further relates to the use of the micro-
electronic device described above for molecular diagnostics,
biological sample analysis, or chemical sample analysis, food
analysis, and/or forensic analysis. Molecular diagnostics may
for example be accomplished with the help of magnetic beads
or fluorescent particles that are directly or indirectly attached
to target molecules.

[0031] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ment(s) described hereinafter. These embodiments will be
described by way of example with the help of the accompa-
nying drawings in which:

[0032] FIG. 1 schematically a shows the setup of a micro-
electronic sensor device according to the present invention;
[0033] FIG. 2 shows in more detail target particles that are
bound to binding sites at the binding surface of a carrier;
[0034] FIGS. 3-6 schematically show several examples of
modulation of bound target particles around different axes.
[0035] Like reference numbers in the Figures refer to iden-
tical or similar components.

[0036] FIG.1 shows a general setup with a microelectronic
sensor device according to the present invention. A central
component of this setup is the carrier 11 that may for example
be made from glass or transparent plastic like polystyrene.
The carrier 11 is located next to a sample chamber 2 in which
a sample fluid with target components to be detected (e.g.
drugs, antibodies, DNA, etc.) can be provided. The sample
further comprises magnetic particles, for example superpara-
magnetic beads, wherein these particles are usually bound
(e.g. viaa coating with antibodies) as labels to the aforemen-
tioned target components. For simplicity only the combina-
tion of target components and magnetic particles is shown in
the Figure and will be called “target particle 1” in the follow-
ing. It should be noted that instead of magnetic particles other
label particles, for example electrically charged or fluorescent
particles, could be used as well.

[0037] The interface between the carrier 11 and the sample
chamber 2 is formed by a surface called “binding surface 12.
This binding surface 12 is coated with capture elements 3, e.g.
antibodies, which can specifically bind to the target particles.
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[0038] The sensor device comprises a magnetic field gen-
erator 51, for example an electromagnet with a coil and a core,
for controllably generating a magnetic field B at the binding
surface 12 and in the adjacent space of the sample chamber 2.
With the help of this magnetic field B, the target particles 1
can be manipulated, i.e. be magnetized and particularly be
moved (if magnetic fields with gradients are used). Thus it is
for example possible to attract target particles 1 to the binding
surface 12 in order to accelerate the binding of the associated
target particle to said surface. A second electromagnet 51' at
the top of the sample chamber 2 can optionally be used to
‘wash’ away the particles 1 which have not been bound (e.g.
because all binding sites 3 are occupied). This ‘washing’ can
also be accomplished by applying magnetic fields using the
first electromagnet 51 in such a way that all unbound target
particles are removed from the measurement area/volume, as
can be done using a horse-shoe electromagnet configuration.
In this case, the binding forces between the target particles 1
and the binding sites 3 should be larger than the applied
magnetic forces, therefore the bonds remain intact during the
washing procedure (assuming that the bond between the
binding sites 3 and the surface 12 is strong enough as well). It
should further be noted that also electrostatic forces may be
utilized, driving (non-magnetic) label particles using an alter-
nating electric field.

[0039] The sensor device further comprises a light source
21, forexamplea laser or an LED, that generates an input light
beam 1.1 which is transmitted into the carrier 11 through an
“entrance window”. The input light beam L1 arrives at the
binding surface 12 at an angle 60 larger than the critical angle
0, of total internal reflection (TIR) and is therefore totally
internally reflected in an “output light beam” .2. The output
light beam 1.2 leaves the carrier 11 through another surface
(“exit window™) and is detected by a light detector 31. The
light detector 31 determines the amount of light of the output
light beam 1.2 (e.g. expressed by the light intensity of this
light beam in the whole spectrum or a certain part of the
spectrum). The measured sensor signals S are evaluated and
optionally monitored over an observation period by an evalu-
ation and recording module 32 that is coupled to the detector
31

[0040] As light source 21, e.g. a commercial CD (A=780
nm), DVD (A=658 nm), or BD (A=405 nm) laser-diode can be
used. A collimator lens may be used to make the input light
beam L1 parallel, and a pinhole of e.g. 0.5 mm may be used to
reduce the beam diameter.

[0041] It is possible to use the detector 31 also for the
sampling of fluorescence light emitted by fluorescent par-
ticles 1 which were stimulated by the evanescent wave of the
input light beam L1, wherein this fluorescence may for
example spectrally be discriminated from reflected light 1.2.
Though the following description concentrates on the mea-
surement of reflected light, the principles discussed here can
mutatis mutandis be applied to the detection of fluorescence,
too.

[0042] The described microelectronic sensor device
applies optical means for the detection of target particles 1.
For eliminating or at least minimizing the influence of back-
ground (e.g. of the sample fluid, such as saliva, blood, etc.),
the detection technique should be surface-specific. As indi-
cated above, this is achieved by using the principle of frus-
trated total internal reflection. This principle is based on the
fact that an evanescent wave penetrates (exponentially drop-
ping in intensity) into the sample 2 when the incident light
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beam L1 is totally internally reflected. If this evanescent wave
then interacts with another medium like the bound target
particles 1, part of the input light will be coupled into the
sample fluid (this is called “frustrated total internal reflec-
tion), and the reflected intensity will be reduced (while the
reflected intensity will be 100% for a clean interface and no
interaction). Depending on the amount of disturbance, i.e. the
amount of target particles on or very near (within about 200
nm) to the TIR surface (not in the rest of the sample chamber
2), the reflected intensity will drop accordingly. It should be
noted that this “near region” is defined by the penetration
depth € of the evanescent wave in the sample chamber, which
depends on wavelength A, entrance angle 6 of the input light
beam L1, and on the refractive indices n, of the substrate 11
and ny of the medium directly above the interface 12 (e.g.
blood or water) and is given by the following formula:

A

(2620 — 2
2m[ nysin®f - ng

{=

[0043] This intensity drop is a direct measure for the
amount of bound target particles 1, and therefore for the
concentration of target particles in the sample. When the
typical interaction distance of the evanescent wave of about
100 to 200 nm is compared with the typical dimensions of
anti-bodies, target molecules and magnetic beads, it is clear
that the influence of the background will be minimal. Larger
wavelengths A will increase the interaction distance, but the
influence of the background liquid will still be very small.
[0044] The described optical measurement procedure is
independent of applied magnetic fields. This allows real-time
optical monitoring of preparation, measurement and washing
steps. The monitored signals can also be used to control the
measurement or the individual process steps.
[0045] Forthe materials of a typical application, medium A
of the carrier 11 can be glass and/or some transparent plastic
with a typical refractive index of n,=1.52. Medium B in the
sample chamber 2 will be water-based and have a refractive
index n close to 1.3. This corresponds to a critical angle 0, of
60°. An angle of incidence of 6=70° is therefore a practical
choice to allow fluid media with a somewhat larger refractive
index (assuming n,=1.52, ng is allowed up to a maximum of
1.43). Higher values of ng; would require a larger n, and/or
larger angles of incidence.
[0046] Advantages of the described optical read-out com-
bined with magnetic labels for actuation are the following:
[0047] Cheap cartridge: The carrier 11 can consist of a
relatively simple, injection-molded piece of polymer
material.
[0048] Large multiplexing possibilities for multi-analyte
testing: The binding surface 12 in a disposable cartridge can
be optically scanned over a large area. Alternatively, large-
area imaging is possible allowing a large detection array.
Such an array (located on an optical transparent surface) can
be made by e.g. ink jet printing of different binding molecules
onthe optical surface. The method also enables high-through-
put testing in well-plates by using multiple beams and mul-
tiple detectors and multiple actuation magnets (either
mechanically moved or electro-magnetically actuated).
[0049] Actuation and sensing are orthogonal: Magnetic
actuation of the target particles (by large magnetic fields
and magnetic field gradients) does not influence the
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sensing process. The optical method therefore allows a
continuous monitoring of the signal during actuation.
This provides a lot of insights into the assay process and
it allows easy kinetic detection methods based on signal
slopes.

[0050] The system is really surface sensitive due to the
expounentially decreasing evanescent field.

[0051] Easy interface: No electric interconnect between
cartridge and reader is necessary. An optical window and
an optical-grade measuring surface are the only require-
ments to probe the cartridge. A contact-less read-out can
therefore be performed.

[0052] Low-noise read-out is possible.

[0053] A problem of the described measurement approach
may arise from the fact that the starting signal, i.e. the sensor
signal S when no target particles 1 are attached to the binding
surface 12, is high. Binding of target particles to the binding
surface will decrease this high signal. Thus, the signal x’
corresponding to the amount of target particles bound to the
binding surface is measured in an (1-x) way, as this is the
optical signal S. This has a disadvantage, because one is
interested in the signal ‘x” which is rather small compared to
the measured optical signal (1-x). This may cause so-called
“gain-problems”, as the starting signal is large with respect to
the ‘X’ signal. Therefore it is difficult to amplify the X’ signal,
as the background signal is amplified as well, which can for
example result in “overflow” in amplifiers and ADC’s, and an
amplification of noise contributions e.g. due to laser intensity
fluctuations or detector noise etc. Also, the measured ‘%’
signal is very sensitive to gain variations because gain varia-
tions cannot be distinguished from x-changes. Furthermore,
if the background signal changes, e.g. because some light
from an external source hits the detector or cartridge, the
outcome of the measurement is influenced, which is highly
undesirable.

[0054] Itwouldthereforebe highly desirable from the point
of view of circuit design and signal processing to convert the
(1-x) measurement into a measurement that only measures
x’, 1.e. the amount of target particles 1 bound to the binding
surface 12.

[0055] The solution to the above issues that is proposed
here starts with the bioassay as usual, i.e. injection of mag-
netic beads and sample with target molecules, binding of
magnetic beads and target molecules to “target particles” 1,
binding of target particles 1 to binding sites 3, and washing
away of non-bound target particles. As a result there is a
binding surface 12 with target particles 1 that are attached to
the surface via capture elements 3, e.g. the protein BSA-opi.
The amount of light that is coupled out of the input light beam
L1 is proportional to the amount of target particles 1 bound to
the binding surface 12. However, the amount of light coupled
out is also dependent on the distance d between the target
particles 1 and the binding surface 12, i.e. the amount of
‘target particle’ present in the evanescent field (sensitive
region 13) just above the surface.

[0056] This is illustrated in FIG. 2 in more detail. As the
capture element 3 (between the binding surface 12 and the
target particle 1) is flexible, the target particles 1 can be
moved up-and-down by applying an alternating magnetic
field with a gradient VB and/or an electric field (not shown).
This will also change the amount of light that is coupled out,
which can be observed as “blinking” of the areas where target
particles are bound to the surface. Thus there is a signal one
can modulate at a certain frequency w,,, which enables

ms
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demodulation at this frequency w,, of the sensor signal S, i.e.
the change of optical amplitude due to the modulated move-
ment of the target particles 1 can be measured. This change is
proportional to the amount of target particles 1 present on the
binding surface 12, i.e. one has the desired ‘x’ measurement,
rather than a (1-x) measurement.

[0057] Changing the distance d between the binding sur-
face 12 and the target particle 1, while stretching and com-
pressing the protein 3 in between, can be done in several
ways:

[0058] By applying a modulated magnetic field B (as the
target particles 1 are super paramagnetic). However, it is
not easy to achieve very high frequencies (i.e. frequen-
cies >10 kHz), as the magnetic coils will tend to dissi-
pate a lot of power and will generate a lot of heat.
Nevertheless, frequencies of a few kHz are possible.

[0059] By electrophoresis: It is possible to attract the
target particles 1 to the binding surface 12 using a static
magnetic (gradient-)field, and it is possible to repel the
target particles 1 from the binding surface 12 by an
electric field. When the electric field is switched off, the
target particles are pulled back to the surface again by
the magnetic field. By applying a periodic electric field,
aperiodic up-and-down movement of the target particles
1 can be achieved. Using this manner, higher frequencies
can be achieved, as it is much easier to generate an HF
electric field than an HF magnetic field. The static mag-
netic field enables larger oscillation amplitudes, thus a
higher signal per bound target particle.

[0060] The microelectronic sensor device of FIG. 1 incor-
porates a concrete embodiment of the above approach, i.e. an
actuation unit 50 that is used to induce an oscillatory move-
ment of bound target particles 1. The actuation unit 50 com-
prises a control and modulation unit 52 and the electromag-
nets 51 and 51' below and above the sample chamber 2,
respectively. The control and modulation unit 52 is coupled to
the electromagnets 51, 51' to induce a magnetic gradient-field
B inside the sensitive region 13. This magnetic field is modu-
lated according to a modulation signal that is proportional to
sin(w,,t), wherein this modulation signal is communicated
from the control and modulation unit 52 to the evaluation
module 32 such that it can be taken into account there. Alter-
natively, an actuation unit could be designed with electrodes
and counter-electrodes below and above the sample chamber
2, respectively, via which a modulated electrical field could
be generated within the sample chamber.

[0061] By using the above-mentioned modulation method,
the sensor signal S can be appropriately demodulated in the
evaluation module 32 to achieve a signal that is directly
proportional to the amount of target particles 1 that are bound
to the binding surface 12. However, the approach also enables
measurement of certain properties of the capture elements 3
(e.g. a protein) between the binding surface and the target
particles. Thus structural information on the protein can be
derived from the observed Q-factor and resonance frequency,
and the size of the protein can be derived from the observed
amplitude of the target particle oscillation. Moreover, the
viscosity of the fluid (e.g. saliva) in which the measurement
takes place can also be inferred.

[0062] Furthermore, because of the non-linear relation
between the detected signal and the z-position of the particles
above the sensor surface, harmonics in the modulated signal
gives information about the average of said z-position. This
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can be used to measure the length of the binding with respect
to the optical surface, as well as to characterize the binding
probes.

[0063] In the described method, the value of ‘x” which is
derived from the sensor signal S by demodulation is indepen-
dent of the background signal. Furthermore ‘x’ cannot be
influenced by any disturbances that occur at a different fre-
quency than the frequency used for modulation/demodula-
tion, e.g. external light, electronic interference etc.

[0064] FIG. 3 schematically shows a further example of the
invention. Shown is a binding surface 12 similar to the Figs
described above. The two arrows below the binding surface
12 indicate the course light impinging at the binding surface
12, as indicated by the left arrow, and being reflected from the
binding surface 12, as indicated by the right arrow. The arrow-
heads symbolize the direction of light to the binding surface
12 and away from the binding surface 12, respectively. In
FIG. 3 two target particles 1 are shown bound to each other
and bound to the binding surface 12. This cluster of target
particles 1 forms a a physical figure that is asymmetrical and
thereby non uniform forces are exerted to these target par-
ticles 1. More generally, individual or combined target par-
ticles are used to which a mechanical torque can be applied,
which requires a non-spherical physical property of the par-
ticles (or of the combination of particles). For example a
target particle can have a magnetic and/or electric anisotropy,
e.g. a shape anisotropy and/or a crystalline anisotropy. Target
particles 1 can be made to be detectable regarding the force
and orientation exerted by means of a non-uniform physical
and/or chemical property. A physical property may be an
electromagnetic property, e.g. an optical property such as an
orientation-dependent optical absorption. A chemical prop-
erty may be a chemical moiety as a coating of the target
particles 1. For example the target particle 1 may be non-
spherically coated with an optically active moiety, e.g. a
chemiluminescent enzyme or substrate. When the chemilu-
minescent reaction is enabled while the target particle orien-
tation is modulated as described, in an optical field the result-
ing optical signal will also be modulated. Detecting this
modulated signals it is suggested to discriminate between
different types of target particles 1, and also it is suggested to
discriminate between different types of biological bindings
between the target particles 1. This means by exploiting the
rotation of the target particles 1 a conclusion can be drawn on
the character of the target particles 1 and on the character of
the binding of the target particles 1. A further effect of detec-
tion of target particles 1 having a rotation as described is the
improved sensitivity, by this means detection sensitivity is
enhanced. In an example the outcoming light is not com-
pletely reflected, but depending on the amount of target par-
ticles 1, especially the label particles comprised in the target
particles 1, outcoming light at the right side is dimished with
regard to the incoming light at the left side. This is due to
reflections of light at the label particles which are correlated
to the number or amount of target components (e.g. biological
substances like biomolecules, complexes, cell fractions or
cells).

[0065] A dashed line shown in FIG. 3 sketches an axis of
rotation around which the target particles 1 are rotatable, in
this example a cluster of two target particles 1 bound together.
To further illustrate the direction of rotation a curved twin
arrow is shown which gives the direction of rotation of the
target particle 1 out of the image plane. By changing the
electric or magnetic field causing the force for rotation the
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rotation direction can be changed to the contrary direction
showing into the image plane. The rotation of the target
particles 1 is supposed to be caused by their physical proper-
ties, as the form of the two-particle cluster of target particles
1 is not perfectly spherical and consequently a non homoge-
neous force or torque is exerted to the target particles 1 lead-
ing to a rotation. FIG. 4 shows a similar example of the
invention, here the target particles 1 are again bound to each
other forming a cluster of two and are arranged essentially in
the same distance in parallel to the binding surface 12. The
rotation axis is shown as a dashed line perpendicular to the
binding surface 12. This means the direction of rotation is
essentially parallel to the binding surface 12 leading to a
rotational movement of the target particles 1 at which the
distance of the target particles 1 to the binding surface 12
essentially stays the same. Again, the rotation direction can be
changed, in clockwise direction or against clockwise direc-
tion. FIG. 5 shows a further example at which the rotation
direction lies within the image plane of the Figs, the rotation
axis is therefore directed into the image plane of the Figs. As
the target particles 1 are bound as a cluster of two, the rotation
around this axis means that the target particles change their
relative positions in time.

[0066] Another structure of the binding surface 12 is shown
in FIG. 6 in connection with a different optical detection
method. The binding surface 12 is not a flat surface as
described in FIG. 3-5 but is a bent surface being symmetric to
a vertical axis lying in the image plane. One part of the
binding surface 12 is declined, the other part of the binding
surface 12 is inclined with both parts having the same length
and crossing in the middle, forming a symmetrical sink. As a
consequence there is no total reflection of light at the binding
surface 12, as is shown in FIG. 3-5, but in FIG. 6 incoming
light is mainly directed through one declined part of the
binding surface 12 and diffracted ina direction to the opposed
other inclined part of the binding surface 12. Before reaching
the inclined part of the binding surface 12 the light passes the
target particles 1, where light is absorbed. At the inclined part
of the binding surface 12 the light passes the binding surface
12 again and is diffracted again in the same direction, as is
shown in FIG. 6. A detector receives the reflected light com-
ing from the structure described, see also FIG. 1. The rotation
of the target particles 1 in this example is the same as
described under FIG. 4, further rotation directions are des-
ignable.

[0067] A problem of a modulation of the target particle
movement with a low frequency w,, may be that the detection
of the resulting low frequent signals takes place in a range
where 1/f noise (electronics) may have a predominant contri-
bution to the demodulated signal noise. To address this issue,
an additional intensity modulation of the light source 21 and
an associated demodulation technique can be used. FIG. 1
indicates in this respect that also the input light beam L1
emitted by the light source 21 is modulated, and that the
corresponding sinusoidal modulation signal sin(w,t) is com-
municated to the evaluation module 32. High frequency
modulation (up to several 100 MHz) of a laser diode can be
achieved in a straightforward manner just by modulating the
injected laser current. This laser current modulation is widely
used in optical storage applications for suppressing intensity
noise due to optical feedback. By combining this light inten-
sity modulation (high frequency m,) with the aforementioned
magnetic or electric field modulation (moderate frequency
w,,), the signal due to modulation of the moderate frequency
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magnetic/electric field (the “oscillating target particle” sig-
nal) can be translated to the high frequency domain which is
advantageous with respect to electronics noise. The oscillat-
ing target particle signal appears in this scheme as a sum and
difference sideband in the high frequency (MHz) domain
according to the formula:

1
A - cos(wyt) X cos(t,t) = EA[cos(wl — W)t + COS(wy + Wp)i]

[0068] By using this double modulation scheme, the (mod-
erate frequency) oscillating target particle signal can be mea-
sured conveniently at high frequencies. In order to eliminate
erroneous cross-talk from the signal due to laser intensity
variations and stray reflections (present at frequency m, ), the
sidebands should be sufficiently separated from the main
band occurring at w,. This requires a stable oscillation cir-
cuitry driving the laser. Using a laser modulation frequency
w, of for example 100 kHz and a magnetic or electric field
modulation frequency w,, of 1 kHz, the stability of the laser
driver should be well below 1 kHz when operated at 100 kHz,
which can be readily achieved in practice.

[0069] Furthermore, because of the non-linear relation
between the detected signal and the z-position of the particles
abovethe sensor surface, higher inter-modulation terms in the
signal give information about the average of said z-position.
This can be used to measure the length of the binding with
respect to the optical surface, as well as to characterize the
binding probes.

[0070] When a (CCD) camera is used to observe the bind-
ing surface 12, said camera maybe too slow to follow the
modulation of a magnetic or electric field (frequency m,,)
and/or of a laser input light beam (frequency w, ). This prob-
lem can be solved by

[0071] (1)phase-lock the camera frame rate to the modu-
lation frequency and

[0072] (2) adjust the illumination (shutter open) time
sufficiently short to sample (a part of) the modulation
period.

[0073] By shifting phase of the illumination moment with
respect to the modulation period, the total period can be
scanned. Using a camera has advantages in multi-spots pro-
cessing compared to single-spot approaches.

[0074] While the invention was described above with ref-
erence to particular embodiments, various modifications and
extensions are possible, for example:

[0075] The sensor can be any suitable sensor to detect the
presence of magnetic particles on or near to a sensor
surface, based on any property of the particles, e.g. it can
detect via magnetic methods, optical methods (e.g.
imaging, fluorescence, chemiluminescence, absorption,
scattering, surface plasmon resonance, etc.), sonic
detection (e.g. surface acoustic wave, etc), electric
detection, etc.

[0076] In addition to molecular assays, also larger moi-
eties can be detected with sensor devices according to
the invention, e.g. cells, viruses, or fractions of cells or
viruses, tissue extract, etc.

[0077] The detection can occur with or without scanning of
the sensor element with respect to the sensor surface.

[0078] Measurement data can be derived as an end-point
measurement, as well as by recording signals kinetically
or intermittently.
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[0079] The device and method can be used with several
biochemical assay types, e.g. binding/unbinding assay,
sandwich assay, competition assay, displacement assay,
enzymatic assay, etc.

[0080] The device and method are suited for sensor mul-
tiplexing (i.e. the parallel use of different sensors and
sensor surfaces, e.g. different capture probes can be
spotted onthe surface, e.g. via spotting or ink jet printing
on an optical substrate), label multiplexing (i.e. the par-
allel use of different types of labels) and chamber mul-
tiplexing (i.e. the parallel use of different reaction cham-
bers).

[0081] The device and method can be used as rapid,
robust, and easy to use point-of-care biosensors for
small sample volumes. The reaction chamber can be a
disposable item to be used with a compact reader, con-
taining the one or more field generating means and one
or more detection means. Also, the device, methods and
systems of the present invention can be used in auto-
mated high-throughput testing. In this case, the reaction
chamber is e.g. a well-plate or cuvette, fitting into an
automated instrument.

[0082] Finally it is pointed out that in the present applica-
tion the term “comprising” does not exclude other elements or
steps, that “a” or “an” does not exclude a plurality, and that a
single processor or other unit may fulfill the functions of
several means. The invention resides in each and every novel
characteristic feature and each and every combination of
characteristic features. Moreover, reference signs in the
claims shall not be construed as limiting their scope.

1. A microelectronic sensor device for the examination of
target particles (1) that are bound to binding sites (3) at the
binding surface (12) of a carrier (11), comprising;

a) a sensor unit (21, 31) for providing a sensor signal (S)
that is indicative of the presence of target particles (1) in
the sensitive region (13) of the sensor unit;

b) an actuation unit (50) for selectively inducing a move-
ment of the bound target particles (1) with respect to the
sensitive region (13) of the sensor unit;

c) an evaluation module (32) for evaluating the sensor
signal (S) taking the induced movement of the target
particles (1) into account.

2. A method for the examination of target particles (1) that
are bound to binding sites (3) at the binding surface (12) ofa
carrier (11), comprising;

a) measuring with a sensor unit (21, 31) a sensor signal (S)
that is indicative of the presence of target particles (1) in
the sensitive region (13) of the sensor unit;

b) selectively inducing with an actuation unit (50) a move-
ment of the bound target particles (1) with respect to the
sensitive region (13) of the sensor unit;

c) evaluating with an evaluation module (32) the sensor
signal (S) taking the induced movement of the target
particles (1) into account.

3. The microelectronic sensor device according to claim 1,

characterized in that the target particles (1) are moved
through zones of different sensitivity of the sensor unit
in the sensitive region (13).
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4. The microelectronic sensor device according to claim 1,
characterized in that the target particles (1) are moved by an
interaction with a magnetic field (B) or an electric field.
5. The microelectronic sensor device according to claim 1,
characterized in that the induced movement of the bound
target particles (1) is modulated, preferably periodically
with a modulation frequency (w,,).
6. The microelectronic sensor device according to claim 1,
characterized in that the induced movement of the bound
target particles (1) is modulated around an axis running
through the target particles (1) by means of target par-
ticles (1) designed having non-spherical forms.
7. The microelectronic sensor device according to claim 1,
characterized in that the sensor signal (S) is derived from
an output light beam (L.2) that comprises light from a
frustrated total internal reflection of an input light beam
(L1) at the binding surface (12).
8. The microelectronic sensor device or the method accord-
ing to claim 7,
characterized in that the input light beam (L1) is modu-
lated, preferably periodically with an input frequency
(wy).
9. The microelectronic sensor device or the method accord-
ing to claim 7,
characterized in that the output light beam (1.2) is detected
with a camera taking exposures with
(a) a frequency that is phase-locked to but smaller than a
modulation frequency (w,,, w,) of the output light beam
(L2);
(b) an exposure time smaller than the modulation period of
the output light beam.
10. The microelectronic sensor device according to claim
17
characterized in that the sensor signal (8) is demodulated,
particularly with respect to a modulation of the induced
movement of the target particles (1) and/or with respect
to a modulation of an input light beam (L1).
11. The microelectronic sensor device or the method
according to claim 10,
characterized in that the modulation of the induced move-
ment of the target particles (1) appears in the demodu-
lated sensor signal (S) as a sideband with respect to the
modulation of an input light beam (T.1).
12. The microelectronic sensor device according to claim
17
characterized in that the sensor signal (S) is evaluated with
respect to the presence and/or the amount of target par-
ticles (1) in the sensitive region (13) of the sensor unit
(21, 31) and/or with respect to the binding characteris-
tics of the binding between the target particles (1) and
the binding surface (12).
13. Use of the microelectronic sensor device according to
claim 1 for molecular diagnostics, biological sample analysis,
or Chemical sample analysis.

* sk * sk *



THMBW(EF)

patsnap
AT BN FHMEFERERE

US20100267165A1 NI (»&E)B 2010-10-21

US12/747529 RiEH 2008-10-31

FRIFRB(EFRN)AGE) ERTFBEFROBRLE
RF(EFR)AGE) ERTCRHBFNV.

HARBHEARAGE) ERTCREBEFIV

[#R1 &% BB A BRULS DOMINIQUE MARIA
SCHLEIPEN JOHANNES JOSEPH HUBERTINA BARBARA
KAHLMAN JOSEPHUS ARNOLDUS HENRICUS MARIA
PRINS MENNO WILLEM JOSE

KBEA BRULS, DOMINIQUE MARIA
SCHLEIPEN, JOHANNES JOSEPH HUBERTINA BARBARA
KAHLMAN, JOSEPHUS ARNOLDUS HENRICUS MARIA
PRINS, MENNO WILLEM JOSE

IPCH & GO01N33/53

CPCo %= GO1N21/1717 GO1N21/552 GO1N2201/0691 GO1N2021/1721 GO1N2021/1727 GO1N21/648

i 51X 2007123741 2007-12-20 EP

H AN FF 32k US8486689

SNEBEEE Espacenet USPTO

HEGE)

WMEFERRRRERARTIERRALS R —MHATREBRNT (1) O
BFERREE , TRBHF (1) 58E (1) WEERE (12) &
MEERR (3) &8, EREXEST , MAKXR (L1) HEHMIHE
(1) %, HRELEERE (12) ARESZHENEHRE (FTIR) o
FRGEIMEmEYR (L2) PRXEBEARNEE (31) BN, FRHEXT
EEERALFERRNFHES. A, 3% (50 ) BE E/HZ

(B) REZHMEFRASIBREGHEIMNT (1) &3 , BHRER L
LEMBHIRER (COIn) , EHBELHBEIRNFHRNBFES (S)
MM A AEE R

~ Sin(®mt)

~ Sin(@t)


https://share-analytics.zhihuiya.com/view/d5bf300b-f90f-4427-86de-f2654965795c
https://worldwide.espacenet.com/patent/search/family/040671102/publication/US2010267165A1?q=US2010267165A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220100267165%22.PGNR.&OS=DN/20100267165&RS=DN/20100267165

