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[0001] The invention is related to the field of nucleic acid biosensors. More specifically, it relates to a method for
bioanalysis of a selected type of nucleic acid molecule in a sample based on the behaviour of a gold/silicon element
functionalized with nucleic acid layers when it is subjected to temperature cycles, the behaviour of the layers being
different when the target molecule is in the sample (when there is hybridisation) or not. The method of the invention is
also capable of discriminating the presence of single mismatches in the target molecules. The invention also relates to
the system for carrying out the method of the invention.
STATE OF THE ART
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[0002] Nucleic acid biosensors are important tools in different areas such as molecular biology and functional genomics.
For example, they have become more and more useful for the detection of diseases and pathogens.
[0003] In the specific field of nucleic acid biosensors, a well-known type of nucleic acid biosensor is based on the
immobilization of a layer of nucleic acids (sometimes referred to as a nucleic acid probe), with a sequence chosen to
specifically bind a target molecule, on a solid support. This layer is then exposed to a sample in which the target molecules
(complementary nucleic acids) may be present. Usually, after exposure of the sensor surface to the sample, the sensor
is carefully rinsed with different buffer solutions in order to remove non-target molecules that may have interacted with
the nucleic acid probe. It is also common to use the temperature to remove this kind of non-specific interactions.
[0004] For instance, if the nucleic acid probe comprises single stranded DNA (ssDNA), the molecules that will bind
to it with the highest affinity will be single stranded DNA with the complementary sequence (following the Watson-Crick
rules, A with T and G with C). However, samples are usually a complex mixture of different ssDNA (or RNA) sequences
that can contain regions that can be complementary to a region of the single stranded DNA probe. This gives rise to the
formation of non-specific unions between the probe and non-target molecules. As the strength of these unions tends to
be weaker than the unions between the probe and the target molecules, the temperature control is useful to detach the
non-target molecules from the nucleic acid probe, that is, from the surface of the biosensor. The temperature is thus
raised to a value somewhat lower than the "melting temperature" of the probe-and-target union, thus "detaching" or
"removing" only the non-target molecules. This kind of temperature control has been found to be useful to distinguish
the presence of target molecules from the presence of sequences with a single mismatch with the DNA probe.
[0005] Nowadays nucleic acid sensors are used in array formats (often referred to as DNA arrays), in such a way that
thousands of nucleic acid probes are immobilized on solid support using microdispensing techniques. Hence, for example
the differential gene expression between healthy cells and disease cells can be studied and the genes responsible of
a disease determined.
[0006] The detection of the interaction between the nucleic acid probes on the solid support and the complementary
molecules (such as the target molecules) is often performed by fluorescence microscopy. This requires a pre-treatment
of the sample with fluorescent dyes.
[0007] Recently, the use of flexible microsupports such as microcantilevers has made it possible to measure the
binding between complementary nucleic acids directly, without need of fluorescent markers. Thereby, time and money
can be saved, and the risk for human errors in the tedious step of labelling of the sample can be reduced. In these
microsupport devices, the biological interactions are measured via the bending, deformation, strain, and/or resonant
properties of the flexible support.
[0008] These microsupport systems include systems based on cantilevers having a fixed end and a movable end; in
these systems, it is usually the displacement and/or movement of the "free" end that is detected. However, there are
also systems based on cantilevers clamped at both ends, in which the movement of the central part can be detected.
Further, there are other micro- and nanomechanical structures that are movable and flexible, such as doubly clamped
paddles whose "easy" direction of motion corresponds to the torsion of the paddle around the axis of the hinges that
connect the paddle to a frame (basically, like a square racket fastened to a frame by two opposite handles of the racket,
extending along an axis). Other known systems use membranes that are connected to a frame through two sets of
hinges, which allows two angular degrees of freedom. In chemical/biological sensors based on this kind of systems, the
surface of the micro- or nanomechanical element is sensitised with the receptor or "probe" molecules that selectively
recognize the targeted substance. Thus, the interaction between the immobilized probe and the targeted substance on
the surface of the micro- or nanomechanical element produces a change of the shape, profile, strain, stress and/or
motion (vibration) of the mechanical element. This change is usually monitored by measuring the displacement of a
representative part of the mechanical element (usually the free end of a singly clamped microcantilever, although it can
also be the centre of a doubly clamped microcantilever, a part of a membrane sheet, etc.). This displacement can be in
the order of about 1-100 nanometers (nm) and in many cases it is necessary to obtain a resolution better than 1 nm,
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depending on the application. For the readout of the displacement, there are several techniques such as capacitive
detection, detection based on tunnel current, optical interferometry, piezoresistive readout and the optical beam deflection
technique.
[0009] Examples of MMS(micro or nanomechanical systems) and microcantilever systems are disclosed in, for example:
Engel et al, "Atomic force microscopy: a powerful tool to observe biomolecules at work", Trends in Cell Biology,
Volume 9, pp. 77-80 (1999).
P. Vettiger et al, "The millipede-more than one thousand tips for future AFM storage", IBM J. Res. Develop., Volume
44, Number 3, pp. 323-339 (2000).
WO-A-2001/33226
WO-A-2003/091458
WO-A-2005/086172
WO-A-2007/006834
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[0010] Often, the mechanical feature (beam displacement, vibration characteristics) is monitored in real-time during
the development of the interaction between the immobilized probe molecules and the target or when the interaction is
broken. A typical example is the detection of the changes in the mechanical feature while the probe is brought in contact
with the sample (normally, a fluid that may contain the target molecules) and the target molecules bind to the probe.
Another example is the performance of melting experiments with DNA, where a mechanical feature is observed while
the temperature is raised to or beyond the temperature for the separation of certain DNA strands, whereby the detachment
of the target molecules follows (Nanomechanical Detection of DNA Melting on Microcantilever Surfaces; S.L. Biswal,
D. Raorane, A. Chaiken, H. Birecki, A. Majumdar, Analytical Chemistry 78, 7104-7109 (2006)).
[0011] Now, the prior art systems seem to imply certain problems. For example:
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Sometimes, the detected "change" in the mechanical feature (such as the displacement of a portion of a mechanical
element) arises from other factors and not from the interaction between the receptor surface and the target molecules.
For example, the change can be produced by non-specific interactions of non-target molecules with the probe, small
variations in the temperature, small fluctuations in the ion concentrations in liquid sample, fluid turbulences, slow
variations with time in the positions of the optical elements that detect the displacement of the mechanical element,
etc.
Also, in order to detect the change, it is often necessary to monitor the mechanical element in real time, that is,
basically, from the moment in which it enters into contact with the sample, so that the change is detected while it
takes place. Data regarding the feature both before and after the change must be measured in the exact same
conditions, without removal of the mechanical element from the solution. Removal and replacement of the mechanical
element or any other minor change in the conditions implies the loss of reference for the measurement.
Real-time measurements imply the need to perform the optical detection of the mechanical feature while the mechanical element is immersed in liquid. Detection in liquid is technologically demanding. The mechanical response
always shows drift. It is very sensitive to changes in the pressure of the liquid, small temperature differences between
the background solution and the injected sample solution, instabilities at the time of the injection and delays in the
response derived from the diffusion of the target molecules in the liquid.
Also, the magnitude of the change (such as a change in curvature) can be fairly small, which obviously makes the
detection an even more difficult task.
Melting experiments are performed in liquid environment. They are based on the fact that the double helix can be
separated at a defined temperature that depends on the ionic strength of the medium, the base composition and
length of the DNA. This implies that subtle variations in the ionic strength, that can be uncontrollable in many cases,
will bias the measurement of the melting temperature and degrade the response of the sensor.
Many, if not all, of the prior art methods referred to above are based on the detection in liquid environments. This
implies the need for microfluidic systems, to avoid the use of large amounts of precious samples. The formation of
bubbles in these systems is an added difficulty during measurements.

[0012] WO-A-2009/053195 discloses a different method that allows for detection "ex-situ", that is, it does not disclose
a real-time detection method. Basically, according to this method, the mechanical element is first sensitized with the
receptor layer, and afterwards it is incubated with the sample solution so that the target-receptor interaction may take
place. The interaction is not followed in real-time, that is, the changes in the relevant mechanical feature are not monitored
while the interaction between target and probe is taking place. Instead, the detection is performed ex-situ. The signature
for the detection of the target molecules is the distinct response of the reacted and the non-reacted biolayer to changes
in a condition; basically, a mechanical feature (displacement, vibration, etc.) is measured for a plurality of different
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"values" of the condition, and the relation between the mechanical feature and the different "values" of the condition is
used to determine, for example, if a target molecule is present in the sample. That is, the "relation" between the values
of the condition and the measured data regarding the mechanical feature are used as a kind of "fingerprint" to detect,
for example, the presence of a target molecule in the sample. WO-A-2009/053195 also mentions some examples of
"conditions" that could be varied, including temperature, relative humidity, pH and ionic strength of a fluid in which the
mechanical element is placed, the relative content of a mixture of gases or liquids in which the mechanical element is
placed, radiation, electrical field or magnetic field. However, the only example discussed to a certain extent uses the
relative humidity as the condition subjected to changes. It is not immediately clear from WO-A-2009/053195 how the
other "conditions" could be used.
[0013] In what regards the relative humidity, the control of the relative humidity in the proximity of a nucleic acid
microcantilever sensor makes it possible to specifically detect DNA with femtomolar sensitivity, four orders of magnitude
better than with conventional DNA arrays. The origin of the bending of the cantilever is in the in-plane forces that emerge
when water molecules adsorb into the highly packed nucleic acid layer. These forces are a result of a complex interaction
between electrostatic forces between cantilever-anchored DNA molecules (the DNA is a highly charged molecule), van
der Waals forces, hydrogen bonds and the conformational entropic elasticicy of the DNA molecules. Despite this complexity, the pattern of the cantilever bending vs the relative humidity (a relative measurement of the water adsorption in
the biolayer) is extremely sensitive to the degree of hybridization and to the presence of a single base unpairing.
[0014] Now, the authors of the present invention have discovered that self assembled monolayers of single stranded
and double stranded DNA show extraordinary thermal properties in temperature ranges close to room temperature (this
is, at temperatures where no melting occurs). The authors have discovered that ssDNA and dsDNA layers show large
negative thermal expansion coefficients in said ranges of temperature. The inventors have also observed that the
expansion/contraction of the DNA layers show reversible behaviour with some hysteresis.
[0015] This discovery represents the basis of the present invention. The inventors have used these extraordinary
thermal properties to develop a non-melting method for thermal characterization of DNA biolayers and especially a
method for detection of nucleic acid molecules from a sample with high sensitivity.
DESCRIPTION OF THE INVENTION
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[0016] Before the description of the invention there are some terms which should be defined in order to better understand the scope of the invention.
[0017] Nucleic acid or Nucleic acid molecule. Any polymeric or oligomeric molecule having a backbone containing
a sequence of nitrogenous bases -adenine (A), thymine (T), cytosine (C) and guanine (G). In the context of the present
invention nucleic acid molecules include, inter alia, DNA molecules, RNA molecules, aptamers or PNA molecules
[0018] DNA. An organic acid and polymer composed of four nitrogenous bases -adenine, thymine, cytosine, and
guanine- linked via intervening units of phosphate and the pentose sugar deoxyribose. DNA is the genetic material of
most organisms and usually exists as a double-stranded molecule in which two antiparallel strands are held together
by hydrogen bonds between adenine-thymine and cytosine-guanine.
[0019] RNA. An organic acid and polymer composed of four nitrogenous bases -adenine, uracile, cytosine, and guanine
- linked via intervening units of phosphate and the pentose sugar ribose. RNA is a genetic material present in most
organisms and usually exists as a single-stranded molecule although it may hybridize with homologous sequences of
DNA or RNA by hydrogen bonds between adenine-uracile and cytosine-guanine.
[0020] Aptamer. A nucleic acid molecule designed in vitro to specifically interact with a ligand molecule. The specificity
of an aptamer-ligand pair can be as high as that of an antibody-antigen pair.
[0021] Peptide nucleic acid (PNA). An artificial kind of nucleic acid molecule where the sugar-phosphate backbone
has been replaced by a peptidomimetic structure. Each monomer of PNA is composed by a molecule of N-(2-aminoethyl)
glycine linked, via a methylencarbonyl unit, to a nucleobase of the group formed by A, G, C and T. PNA exhibits unique
physicochemical properties, being an uncharged, achiral and relatively rigid polymer of high biological and chemical
stability.
[0022] Sample. A liquid preparation containing the material to be bioanalised by the method of the invention.
[0023] Target molecule. A molecule capable of hybridizing to the nucleic acid molecules arranged in the bioactive
layer with sufficient strength not to be removed after the washing for removal of unspecifically binded molecules from
the receptor surface or after raising the temperature during the performance of the method of the invention. The target
molecule derives its binding property from its sequence which usually is fully complementary to the sequence of the
nucleic acid molecule arranged in the bioactive layer. Target molecules also comprise non-fully complementary sequences conserving the sufficient strength in their binding not to be removed with washing or temperature raising during
the performance of the method. These non-fully complementary sequences normally contain no more than 1 to 3
mismatches with the DNA molecule arranged in the bioactive layer.
[0024] Hybridization. The process of hydrogen bonding between two complementary strands of nucleic acids such
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as two complementary strands of DNA or one each of DNA and RNA to form a double-stranded molecule.
[0025] Mismatch (or despairing). It occurs when in at least one position of a double stranded nucleic acid, both
chains have two non-complementary nucleotides that do not hybridize.
[0026] Bioactive layer. Nucleic acid layer immobilized on the (for example, silicon/gold) mechanical elements that
provide specific detection of target molecules.
[0027] Modified bioactive layer. If the sample contains any target molecule, when the sample is put in contact with
the nucleic acid bioactive layer, a hybridization will take place giving rise to a modified bioactive layer. A modified bioactive
layer shows different properties to those of the original nucleic acid bioactive layer, in terms of, for example, elasticity,
thermal expansion, wetability.
[0028] Oligonucleotide. A single stranded nucleic acid molecule of between 3 and 250 nucleotides long that can
hybridise with a complementary nucleic acid sequence.
[0029] Probe. It refers to oligonucleotides of a given length comprised by specific nucleotide sequences that permit
total or partial hybridization with complementary target sequences under certain conditions. In the context of this invention,
the probe oligonucleotides are immobilized on silicon/gold supports to form the bioactive layers.
[0030] Mechanical transducer element. Movable and/or deformable part, related to the bioactive layer so that a
change in a feature of the bioactive layer affects at least one detectable feature of the mechanical transducer element,
for example, its position, deflection, deformation, vibration characteristics, among others. Examples of mechanical transducer elements include a cantilever, a paddle, a membrane, etc. Sometimes, the detectable feature -or change in said
feature- is read by means of applying a stimulus to the electromechanical transducer element, for example by inducing
vibration thereof.
[0031] Mechanical feature. In the context of the present invention, the "mechanical feature" of the bioactive layer is
any property that can affect or influence the behaviour or characteristics of the mechanical transducer element with
which it is intimately associated, so as to affect a feature of said mechanical transducer element. Examples of mechanical
features are strain in, extension of, deformation in, displacement of (a portion of), rigidity of, resonant frequency of,
quality factor of and expansion/contraction of said bioactive layer, among others.
[0032] Bioanalysis. It comprises the determination of a characteristic of the sample.
[0033] Determination of a characteristic of the sample. it includes the determination inter alia of the presence or
not of the target nucleic acid molecule in the sample, and/or the concentration of the target nucleic acid molecule in the
sample, and or the presence of any mismatch between the target nucleic acid molecule and the probe.
[0034] A first aspect of the invention relates to a method for bioanalysis of a selected type of nucleic acid molecule in
a sample, comprising the steps of:
a) bringing a receptor surface of a mechanical transducer element (such as a cantilever, a paddle, a membrane,
etc., as referred to above) in contact with the sample, said receptor surface comprising a bioactive layer of nucleic
acids arranged to interact with a target nucleic acid molecule, so that, after contact with the sample, said bioactive
layer of nucleic acids is converted into a modified bioactive layer due to interaction with the nucleic acid molecules
of the sample (whereby certain characteristics of the modified bioactive layer will depend on whether or not, and/or
on the extent to which, the target is present in the sample; for example, these characteristics can include the tension
in said layer, such as the in-plane stress of said layer, the elastic modulus of said layer, and the thermal expansion
coefficient of said layer; of course, these characteristics will also depend on the way in which the mechanical
transducer element has been treated after contact with the sample, for example, on whether it remains in contact
with the liquid sample or whether it has been rinsed and dried and placed in a controlled environment, for example,
in a gaseous environment or in vacuum);
[0035]

characterised in that the method further comprises the steps of:

b)varying the temperature of the modified bioactive layer so as to produce a change in at least one mechanical
feature of said modified bioactive layer, thereby producing a change of at least one feature of said mechanical
transducer element(such as the strain in, or the mechanical deformation of, or the displacement of a portion of, or
the vibrational characteristics -such as the resonant frequency and/or the quality factor- of, said mechanical transducer element);
c) measuring said feature of said mechanical transducer element to obtain data regarding said feature of said
mechanical transducer element corresponding to, at least, two different temperatures of said modified bioactive
layer, said temperatures being selected so as not to produce any removal(or desorption) of the target and/or detected
nucleic acid molecule from the modified bioactive layer (that is, no "melting" is produced between said target sequence
and the nucleic acid bioactive layer; this means that the modified bioactive layer can be kept unaltered so that, for
example, the measurements can be repeated at a later stage; that is, these steps of the method can be "reversible";
for example, no unbinding, or at least no substantial or complete unbinding, between target and bioactive layer is
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desired, for example, no melting that "destroys" the modified bioactive layer);
d) determining, on the basis of said data, at least one characteristic of the sample (this characteristic of the sample
can include, for example, the presence or not of the target in the sample, and/or the concentration of the target in
the sample, and/or the presence and/or concentrations of elements not identical but structurally or functionally
similar to the target; for example, if the target is a nucleic acid sequence complementary to a nucleic acid sequence
of the bioactive layer, a structurally similar element could be another nucleic acid sequence with one or more nucleic
acid mismatches).
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[0036] This approach differs from prior art approaches in that it uses data obtained for different temperatures of the
modified bioactive layer to determine one or more characteristics of the sample. That is, instead of relying on relative
humidity as suggested in WO-A-2009/053195, and instead of using the temperature to remove the target whereby the
temperature at which removal or "melting" takes place can be used to arrive at conclusions about the interactions that
have occurred on the biolayer, varying temperature is used to obtain a set of data that can be compared to known
"temperature profiles" of specific hybridizations or specific phenomena such as mismatches (for example while studying
Single Nucleotide Polymorphisms (SNPs)), to arrive at conclusions about the sample and its contents. That is, the
invention is based on "temperature profiles" or "temperature fingerprints". Thus, just as in WO-A-2009/053195, the
analysis can be performed "ex situ" and at the time chosen by the person performing the analysis, and not necessarily
when and where the interaction between the bioactive layer and the sample takes place. The use of the temperature
as a varying condition, so that data can be obtained for different temperatures and thereafter be compared with known
"fingerprints" or "temperature profiles" of selected target elements, opens up the door for a wide range of new applications.
[0037] Said change in a mechanical feature of said modified bioactive layer can comprise a contraction of the modified
bioactive layer when the temperature is increased, and/or expansion of the modified bioactive layer when the temperature
is reduced. It has been observed that for nucleic acid biolayers , a very large contraction with temperature increase
exists, that varies substantially depending on the specific composition of the layer. This phenomenon has been observed
for layers comprising DNA, and a similar behaviour can be expected for layers comprising other nucleic acids, such as
RNA, PNA and aptamers. Thus, the expansion and contraction of the modified bioactive layer with changing temperature
can be very useful for determining not only if a specific target was present in the sample, but also to determine whether,
for example, associative phenomena are occurring when, for instance, nucleic acid sequences similar but not identical
to a target sequence are present. The important differences in thermal contraction behaviour can make it possible to
detect even single base mismatches.
[0038] The bioactive layer comprising nucleic acids can feature a (negative) temperature expansion coefficient that
varies substantially with the composition of the layer, which makes it especially appropriate to use a varying temperature
to obtain sets of data that can be compared to known "fingerprints" of different target nucleic acid molecules.
[0039] According to one possible implementation of this aspect of the invention, the mechanical element can be
arranged, during at least steps b) and c), in a gaseous atmosphere and/or in vacuum. Due to the fact that the use of
data obtained at different temperatures makes it possible to carry out the measurements "ex situ", it is no longer necessary
to carry out the measurements while the mechanical element is still in contact with the liquid sample. This implies
important advantages, for example, in what regards the timing of the analysis, and the place where -and the conditions
under which- the analysis has to be carried out. It also implies important advantages in what regards the technology
necessary to carry out the measurements since many complications arise when detection needs to be performed in
liquids and/or in real-time (bubbles, thermal drifts, instabilities upon injection of sample, lack of reproducibility,...).
[0040] The method can further comprise the steps of:
-

modifying the relative humidity to which the modified bioactive layer is exposed; and
carrying out step c) so that it comprises measuring said feature of said mechanical transducer element to obtain
said data regarding said feature of said mechanical transducer element corresponding to, at least, two different
temperatures, for at least two different relative humidities.

[0041] It has been found also that the thermal expansion and contraction of nucleic acid layers is very dependent on
the degree of hydration, which can be varied by modifying the relative humidity of the atmosphere to which the layer is
subjected. Thus, by combining temperature and relative humidity the sensitivity and the reliability of the method can be
increased and optimised: for example, if two different target molecules feature similar temperature profiles -that is,
relations between measured data and temperature- at one relative humidity, this may not be so at all other relative
humidities. Thus, and due to the relation found between the degree of hydration and the thermal expansion coefficient,
the relative humidity and the temperature provide, in conjunction, a synergetically improved reliability of the system,
reducing the risk for errors in the analysis.
[0042] The temperature of the modified layer can be controlled by controlling at least one feature (such as the intensity,
and/or the duration of light pulses, and/or the time lapse between subsequent light pulses) of light directed onto said
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mechanical transducer element (for example, directly onto the bioactive layer).
[0043] In the method, an array of said mechanical transducer elements can be used, and at least some of the mechanical
transducer elements of said array can be provided with bioactive layers of nucleic acids differing from bioactive layers
of nucleic acids from other mechanical transducer elements of said array. In this way, in one single step large amounts
of data regarding the sample can be obtained, relating to several different target nucleic acid molecules.
[0044] Another aspect of the invention relates to a method for bioanalysis of a selected type of nucleic acid molecule
in a sample, comprising the steps of:
a) bringing a receptor surface of a mechanical transducer element in contact with the sample, said receptor surface
comprising a bioactive layer of nucleic acids arranged to interact with a target nucleic acid molecule, so that, after
contact with the sample, said bioactive layer of nucleic acids is converted into a modified bioactive layer due to
interaction with the nucleic acid molecules of the sample;

10

and further comprising the steps of:
15

b)varying the temperature of the modified bioactive layer so as to produce a change in at least one mechanical
feature of said modified bioactive layer, thereby producing a change of at least one feature of said mechanical
transducer element;
c) measuring said feature of said mechanical transducer element to obtain data regarding said feature of said
mechanical transducer element corresponding to, at least, two different temperatures of said modified bioactive layer;
d) determining, on the basis of said data, at least one characteristic of the sample;

20
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wherein said change in a mechanical feature of said modified layer comprises a contraction of the modified bioactive
layer when the temperature is increased, and/or an expansion of the modified bioactive layer when the temperature is
reduced.
[0045] A further aspect of the invention relates to a method for bioanalysis of a selected type of nucleic acid molecule
in a sample, comprising the step of:
a) bringing a receptor surface of a mechanical transducer element in contact with the sample, said receptor surface
comprising a bioactive layer of nucleic acids arranged to interact with a target nucleic acid molecule, so that, after
contact with the sample, said bioactive layer of nucleic acids is converted into a modified bioactive layer due to
interaction with the nucleic acid molecules of the sample;

30

and further comprising the steps of:
35

b)varying the temperature of the modified bioactive layer so as to produce a change in at least one mechanical
feature of said modified bioactive layer, thereby producing a change of at least one feature of said mechanical
transducer element;
c) measuring said feature of said mechanical transducer element to obtain data regarding said feature of said
mechanical transducer element corresponding to, at least, two different temperatures of said modified bioactive layer;
d) determining, on the basis of said data, at least one characteristic of the sample;

40

wherein the method further comprising the steps of:
45

-

50

[0046] A further aspect of the invention relates to a system for surface inspection arranged to detect relative displacement and/or vibration characteristics of a plurality of elements forming part of a mechanical structure for bioanalysis of
a sample, said system comprising:

55

-

modifying the relative humidity to which the modified bioactive layer is exposed; and
carrying out step c) so that it comprises measuring said feature of said mechanical transducer element to obtain
said data regarding said feature of said mechanical transducer element corresponding to, at least, two different
temperatures, for at least two different relative humidities.

a light source arranged to generate at least one light beam;
a position sensitive detector arranged to receive the light beam when reflected off the mechanical structure and to
produce at least one output signal in response to receipt of said light beam;
an electronic control system;
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wherein
the system further comprises a sub-system for varying and controlling the temperature of said plurality of elements.
[0047] The mechanical structure can be arranged within a chamber, and the system can further comprise a subsystem for varying and controlling relative humidity within the chamber.
[0048] For example, a system such as the one disclosed in WO-A-2009/053195 could be used, if complemented with
a suitable sub-system for temperature control.
[0049] The sub-system for varying and controlling the temperature of said plurality of elements can comprise at least
one light source arranged to direct light onto said plurality of elements, and means for controlling at least one characteristic
of the light emitted by said light source in order to control the temperature of said plurality of elements. This light source
can be the same as the one generating the previously mentioned light beam, but can also be a different one. The
characteristic of the light that is controlled can be, for example, the intensity of the light, and/or the duration of light
pulses, and/or the time lapse between subsequent light pulses. Using light as the heat source instead of using means
such as Peltier elements can provide for a simple and practical control of the temperature.
[0050] The system can be configured to carry out the method of any of the above described aspects of the invention
(the system can be configured to carry out the method by incorporating, for example, a suitable software).
BRIEF DESCRIPTION OF THE DRAWINGS
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[0051] To complete the description and in order to provide for a better understanding of the invention, a set of drawings
is provided. Said drawings form an integral part of the description and illustrate a preferred embodiment and examples
of the invention, which should not be interpreted as restricting the scope of the invention, but just as examples of how
the invention can be embodied. The drawings comprise the following figures:
Figure 1: Schematically illustrates a system according with one possible embodiment of the invention.
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Figure 2: A. Schematically illustrates the effect of temperature on a bare silicon element (a cantilever) with a gold
layer (I) and on such element with nucleic acid layers such as ssDNA (II), dsDNA (III) and dsDNA with a single
mismatch (IV) immobilized on the gold layer. B. Schematically illustrates the combined effect of temperature and
relative humidity on single stranded and double stranded nucleic acid layers.
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Figure 3: Shows the response and hysteresis of a ssDNA sensitized (DNA) cantilever while subjected to a temperature cycle, compared to the response and hysteresis of the cantilever with dsDNA (HYB) (after full complementary
probe-target hybridization) subjected to the same temperature cycle. The response is always reversible, this indicates
that the biolayer is not being destroyed or permanently changed during the experiment. The response is different
when the environment is kept at a high relative humidity with respect to an environment of low relative humidity.
The figure also shows the deflection variation and hysteresis for a mismatched DNA target sequence (MMT) during
a temperature cycle and the deformation of a gold coated cantilever with changes in temperature (Gold). A. The
larger thermal expansion coefficient of the gold layer with respect to the silicon film induces a negative bending of
the microcantilever (towards the uncoated silicon side). If the silicon/gold microcantilever is coated with a ssDNA
layer then the deflection is positive (towards the gold coated side) when increasing the temperature, meaning the
ssDNA layer contracts with increasing temperature (DNA). When the ssDNA sensitised microcantilever is incubated
in a solution with a complementary DNA strand, we find that for the hybridised layer (HYB) the thermal behaviour
is qualitatively the same, but the hybridized layer contracts significantly less with temperature, providing with a new
biosensing parameter/signature of the hybridization. All these experiments where performed in a dry atmosphere
(1% RH). B. The same experiments as in A. where conducted in a high humidity air environment (RH 90%). It is
observed that in this case the dsDNA layer after hybridization contracts significantly more than the ssDNA layer,
due to the different content in water of the biolayers.
FIGURE 4: Cantilever deflection vs. temperature for a gold coated cantilever after ssDNA Self Assembled Monolayer
formation (open symbols) and after hybridization (filled symbols). A. The measurements were carried out in dry
conditions, r.h.< 1 %. B. The measurements were carried out in humid conditions, r.h.≈90%. The response of three
thiolated ssDNA sequences is shown: 16-mer 5’-HS-CTA CCT TTT TTT TCT G-3’ (SEQ ID NO 1), 25 mer 5’-HSACT GCA ACC AGT TTC CTC TTG GGT G-3’(SEQ ID NO 2) and 25 mer 5’-HS- ACT GCA ACC AGT CTC CTC
TTG GGT G-3’ (SEQ ID NO 3). The deflection of the bare gold coated cantilever has been substracted from all
measurements to eliminate any effect related to the bimetallic effect.
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[0052] A system in accordance with a preferred embodiment of the invention is illustrated in figure 1. It can be based
on a system such as the one disclosed in WO-A-2009/053195, but adapted to also control temperature. More specifically,
figure 1 illustrates a system for surface inspection arranged to detect relative displacement and/or vibration characteristics
of a plurality of points of a plurality of cantilevers 51 forming part of a mechanical structure 5. The system comprises:
a light source 1 arranged to generate at least one light beam 11;
a position sensitive detector 2 arranged to receive the light beam when reflected off the mechanical structure 5 and
to produce at least one output signal in response to receipt of said light beam;
an electronic control system 3; and
scan means 4 for relative displacement of said light beam with respect to the mechanical structure 5 so as to scan
said mechanical structure with the light beam, following instructions from the electronic control system 3.
[0053] The electronic control system 3 can be arranged to control the scan means 4 so as to displace the light beam
along a first trajectory, so as to detect a plurality of subsequent reference positions along said first trajectory, and the
electronic control system can be operatively associated with the position sensitive detector 2 so as to determine said
reference positions as a result of an analysis of at least one output signal from said position sensitive detector 2, as
described in WO-A-2009/053195. Also, the control system can be further arranged to control the scan means 4 so as
to displace the light beam along the mechanical structure along a plurality of second trajectories, each of said second
trajectories being associated with one of said reference positions, as also described in WO-A-2009/053195.
[0054] The mechanical structure 5, or at least the cantilevers 51, are arranged within a chamber 6, and the system
comprises a sub-system 7 for varying and controlling relative humidity within the chamber 6, and a sub-system 8 for
varying and controlling the temperature of said plurality of elements 51, under the control of the electronic control system.
The sub-system 8 for varying and controlling the temperature of said plurality of elements 51 can comprise at least one
light source arranged to direct light onto said plurality of elements, and means for controlling at least one characteristic
(such as intensity, etc.) of the light emitted by said light source in order to control the temperature of said plurality of
elements. A temperature sensor can be provided to help to control the temperature 81.
[0055] Thus, this system can provide for checking the "finger-print" of a sample -or of the "modified layer" after
incubation with a given solution- by obtaining measured data regarding the mechanical elements not only at different
temperatures, but also at different relative humidities, as outlined above. The system can also comprise further components, such as a hygrometer 9, etc.
EXAMPLE
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[0056] The experimental set-up used in the experiments is illustrated in Figure 1. DNA molecules were anchored to
the cantilevers in order to monitor how the surface stress (deflection of the cantilever) changed. Single stranded DNA
probes were immobilized on a gold-coated side of microcantilevers via a thiol linker. Monocrystalline silicon microcantilever arrays 400 mm long, 100 mm wide and 1.0 mm thick were coated by sputtering evaporation with a 20 nm gold
layer on top of a 2 nm adhesion layer of chromium. Freshly coated microcantilevers were incubated with 1 mM of the
thiol-modified single stranded DNA (ssDNA) diluted in PBS buffer (137 mM NaCl, 2.7 mM KCI, 8 mM Na2HPO4 2 mM
~
KH2PO4; pH=7.5) at 25°C, 24-48 hours in order to immobilize a densely packed DNA layer. Afterwards, the cantilevers
were vigorously rinsed in PBS buffer first and Milli-Q water afterwards to discard unspecific interactions, and then dried
under a stream of dry nitrogen gas. After the long immobilization time ssDNA formed a highly packed layer with a surface
density of the order of 1013 cm-2, as determined by X-ray photoelectron spectroscopy (XPS) experiments.
[0057] The experiments were performed in controlled gas/humidity environment. The hybridization of the sensitized
cantilever with the complementary sequence was performed in PBS at 24C, at a concentration of 1 mM during 2-4 hours.
[0058] Using this experimental approach, it was discovered that self assembled monolayers of single stranded and
double stranded DNA show extraordinary thermal properties. Particularly, ssDNA and dsDNA layers show a large
contraction with temperature in a temperature range close to room temperature (see figure 3). Although thermal contraction with increasing temperature has been measured for a variety of materials, including polymer films, this is the
first time that a measurement of the thermal expansion/contraction of DNA layers is performed. It was also observed
that the expansion/contraction of the DNA layers show a reversible behaviour with some hysteresis (figure 3).
[0059] The thermal expansion/contraction of the Self Assembled Monolayer of ssDNA and dsDNA was measured by
immobilizing the biolayer on a gold coated silicon microcantilever. Then the expansion/contraction of the layer could be
detected by measuring how the tension in the monolayer changed as a result of a temperature change. The approach
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relied on the microcantilever bending in a quantity that depended on the tension in the monolayer. The tension translated
in a deformation of the thin silicon microcantilever was measured by a scanning laser system.
[0060] These studies provide interesting insight about the thermal properties of these ultrathin films. DNA films are
particularly relevant for technological applications and are experimentally easy to control for developing fundamental
applications regarding the effect of confinement between film-air and film-substrate interfaces on nanosoft materials.
Importantly, these measurements are performed in a temperature range which is far from the melting temperature for
the dsDNA as it is therefore a non-destructive method.
[0061] One application of the recording of this thermal expansion/contraction of DNA films is in the field of biosensors.
It was found that the thermal expansion/contraction of DNA films changes dramatically when the monolayer interacts
with either non-complementary, complementary or single mismatched single-stranded DNA targets.
[0062] Distinct deflection behaviour upon temperature variation when experiments were performed at a relative humidity of 1% or for 90% relative humidity was also observed. This effect is attributed to the different content in water of
the distinct biolayers depending on the relative humidity. The double signature (at high and low humidity) increases the
reliability of a biosensing method based on this principle. The contraction is higher in the dry state than in the humid
state for ssDNA. More interestingly, after hybridization, the DNA film stills contract on heating, but contraction behaviour
with the humidity conditions is opposite to that of the ssDNA film. The hybridized ssDNA film significantly contracts with
temperature more in humid environment than in dry conditions. Figures 2A and 2B illustrate this behaviour that is
experimentally demonstrated by figure 3.
[0063] The comparison of the deflection response to temperature variation of gold coated cantilevers without any
immobilized biolayer and that of functionalized or hybridized cantilevers allows to rule out the effect of the thermal
expansion of gold (bimetallic effect).
[0064] The sequence of experiments in the assays were:
i) Measurement of the deflection induced by the changes in temperature close to room temperature in gold coated
cantilevers. Temperature was ramped up and down again to the initial value.
ii) Measurement of the deflection induced by the changes in temperature close to room temperature in gold coated
cantilevers immobilized with thiol-modified ssDNA. Temperature was ramped up and down again to the initial value.
iii) Exposure of the functionalized cantilever to a solution of the nucleic acid sample that contained: a) the fully
complementary target ssDNA molecule; b) a ssDNA target with one mismatch; c) a non complementary ssDNA
(negative control); then the cantilevers were rinsed and dried and
iv) Measurement of the deflection as the system undergoes a second temperature cycle at a higher humidity
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[0065] The immobilized sequences are: 5’-HS-CTA CCT TTT TTT TCT G-3’, (SEQ ID NO 1) ,5’-HS- ACT GCA ACC
AGT TTC CTC TTG GGT G-3’ (SEQ ID NO 2), 5’-HS- ACT GCA ACC AGT CTC CTC TTG GGT G-3’(SEQ ID NO 3).
[0066] The fully complementary ssDNA to SEQ ID NO 1 showed the sequence 5’-CAGAAAAAAAAGGTAG-3’(SEQ
ID NO 4), whereas the mismatching sequence was a single T/T mismatch near the central position of the duplex SEQ
ID NO 5(sequence 5’-CAGAAAATAAAGGTAG-3’). The non-complementary ssDNA (negative control) had the sequence
SEQ ID NO 6(5’-AGCTTCCGTACTCGAT-3’). The fully complementary ssDNA to SEQ ID NO 2 showed the sequence
5’-CACCCAAGAGGAAACTGGTTGCAGT-3’(SEQ ID NO 7) and the fully complementary molecule to SEQ ID NO 3
showed the sequence 5’-CACCCAAGAGGAGACTGGTTGCAGT-3’(SEQ ID NO 8).
[0067] During the experiments it was not observed any non-reversible change in the biolayer, therefore, melting of
the DNA layer was disregarded. The DNA melting would necessarily give place to a non-reversible bending of the
cantilever (reference: Using a Microcantilever Array for Detecting Phase Transitions and Stability of DNA Journal of the
Association for Laboratory Automation, Volume 11, Issue 4, Pages 222-226, S. Biswal, D. Raorane, A. Chaiken, A.
Majumdar).
II- Effect of DNA sequence and sequence length
[0068]

The thermal response of the following sequences was studied:

50
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-

16-mer 5’-HS-CTACCTTTTTTTTCTG-3’, (SEQ ID NO 1)

-

25-mer 5’-HS-ACTGCAACCAGTTTCCTCTTGGGT G-3’ (SEQ ID NO 2)

-

25-mer 5’-HS-ACTGCAACCAGTCTCCTCTTGGGTG-3’(SEQ ID NO 3)

[0069]
[0070]

in order to determine the effect of sequence length and base composition in the thermal contraction effect.
The results showed that thermal expansion/contraction behaviour depends only quantitatively on base se-
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quence and sequence length while the qualitative behaviour remains the same. Qualitatively, hybridization is characterized by a decrease of the magnitude of thermal contraction when compared to the response of the non-hybridized
ssDNA in dry conditions and an increase of this magnitude at high humidity, for all the sequences studied. The slope
of the curves depicted in figure 4 (numerical values shown below in table 1), representing the degree of bending with
temperature, is indicative of the magnitude of this contraction. For the ssDNA layers, the values remain in the same
range with only slight variations between shorter and longer sequences. These results imply that the fingerprint followed
in these experiments for ssDNA layers is of application to any base sequence composition and sequence length. Nevertheless, contraction of the hybridized DNA layer at low relative humidity for the longer sequences (SEQ ID NO 2 and
SEQ ID NO 3) is below the noise in the system. In this case, although hybridization could be detected as a decrease in
the contraction of the modified biolayer, the follow up of the double signature (at low and high humidity) may be especially
useful. The contribution to the deflection response of the thermal expansion of the metallic layer (bimetallic effect) has
been subtracted in all cases.
Table 1. Slopes from linear fits of data obtained for a temperature increase from 27 C to 32 C.
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RH 1%

RH 90%

ss-DNA

ds-DNA

ss-DNA

ds-DNA

SEQ ID NO 1

0.019 6 0.001

0.010 6 0.001

0.006 6 0.002

0.037 6 0.001

SEQ ID NO 2

0.025 6 0.001

-0.003 6 0.001

0.012 6 0.003

0.030 6 0.002

SEQ ID NO 3

0.028 6 0.002

-0.005 6 0.001

0.010 6 0.002

0.026 6 0.001

III- Sensitivity and specificity of the system
25

30

35

40

45

50

55

[0071] Among the different mechanical parameters that could be measured, the deflection in a temperature cycle was
chosen. This was found to be very sensitive to the DNA form, i.e., non hybridized ssDNA, mismatched or hybridized
dsDNA. Therefore, this was chosen to be the measurement parameter of the biosensor. The combination of this parameter
with that of relative humidity provided improved reliability as the different water content of the ssDNA layer and that of
the dsDNA layer provided a double signature for the discrimination of the hybridization event. Since the hybridization
was performed in all experiments at 24C, significant variations were not expected in the hybridization yield of the fully
complementary and single-mismatched sequences (theoretical calculations show that the discriminatory temperature
for the used targets should be expected to lie in the range 34-43C). The mismatched sequence was clearly detected
in these experiments due to its qualitatively distinct behaviour or temperature fingerprint.
[0072] Figure 3 shows the response of the biolayer after incubation with a mismatched sequence (SEQ ID NO 5),
labelled MMT in figure 3. The layer contracted significantly less than for the layer hybridized with the fully complementary
sequence (SEQ ID NO 4), labelled as HYB, as well as significantly less than the ssDNA layer after incubation with the
control sequence (SEQ ID NO 6), labelled as DNA in figure 3, where no hybridization occurred.
[0073] This behaviour implies that hybridization with the mismatched sequence occurred but that mismatched layers
do not show the same contraction fingerprint as fully complementary layers or highly packed ssDNA layers. Furthermore,
the mismatched sequence contraction is not affected by the level of hydration, this is, the relative humidity of the chamber
in the experiments, as can be seen from comparison between graphs in figure 3A with graphs in figure 3B.
[0074] Without being bound to any theory, the inventors believe that the mechanism for the mismatch discrimination
is due to the stabilization of a mismatch-induced "discontinuity" in the duplex by hydrogen bonding. This "discontinuity"
in the layer implies a different tension pattern in the biolayer that allows mismatch discrimination. The rationale for this
finding is that these nucleic acid monolayers cooperatively respond, acting as a highly responsive membrane, to temperature variations, and the responsivity is highly modulated by the connectivity between the ssDNA or dsDNA probes.
The connectivity of the ssDNA membrane is, in the case of mismatched sequences, changed by the hybridization. Some
studies point at percolation and entropic effects with microcantilevers in line with this assumption (Ref DOI: 10.1002/adma.
200801344, Physics of Nanomechanical Biosensing on Cantilever Arrays, Maria L. Sushko, John H. Harding, Alexander
L. Shluger, Rachel A. McKendry, Moyu Watari, Adv. Mater. 2008, 20, 3848-3853; REF Nanomechanical detection of
antibiotic-mucopeptide binding in a model for superbug drug resistance, J. W. Ndieyira et al., Nature Nanotechnology
3,691 (2008)).
[0075] As a consequence of the previous finding, a relevant feature of the method developed is that, contrarily to what
happens in DNA microarrays and other current biosensors, the differential behaviour of the mismatched target does not
rely on its tendency to de-hybridize at an optimized, fine-tuned working temperature, but on the particular intrinsic
property, this is, thermal expansion/contraction behaviour of a biolayer, or temperature fingerprint, that contains the
mismatch induced "discontinuities". Experiments are here always far below the melting temperature.
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[0076] In conclusion, the intermolecular forces in monolayers of nucleic acids provide the layer with distinct thermal
expansion properties that critically depend on the subtle molecular characteristics of the biolayer. The high molecular
density attained by the long immobilization times used makes that hybridization of about one target molecule per million
of probes produces a dramatic effect in the thermal expansion/contraction. This principle also allows the discrimination
of single mutations. Unprecedented sensitivity achieved by the monitoring of the thermal expansion/contraction of DNA
layers is expected. These experiments are the starting point for rapid and straightforward genotyping or SNP mapping
close to room temperature, without need of sample amplification and labelling. Moreover, the use of temperature variations
in a range close to room temperature allows the simplification of the biosensing equipment, as the need for accurate
control of gas environments is no longer necessary. Even experiments combining temperature and relative humidity
dependent information can be conducted at two relative humidities, "high" and "low", but an accurate control of the actual
humidity is no longer needed.
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Claims
1.

Method for bioanalysis of a selected type of nucleic acid molecule in a sample, comprising the step of:

45

a) bringing a receptor surface of a mechanical transducer element in contact with the sample, said receptor
surface comprising a bioactive layer of nucleic acids arranged to interact with a target nucleic acid molecule,
so that, after contact with the sample, said bioactive layer of nucleic acids is converted into a modified bioactive
layer due to interaction with the nucleic acid molecules of the sample;
50

characterised in that the method further comprises the steps of:

55

b)varying the temperature of the modified bioactive layer so as to produce a change in at least one mechanical
feature of said modified bioactive layer, thereby producing a change of at least one feature of said mechanical
transducer element;
c) measuring said feature of said mechanical transducer element to obtain data regarding said feature of said
mechanical transducer element corresponding to, at least, two different temperatures of said modified bioactive
layer, said temperatures being selected so as not to produce any removal of the target nucleic acid molecule

14

EP 2 348 132 A1
from the modified bioactive layer;
d) determining, on the basis of said data, at least one characteristic of the sample.
2.

Method according to claim 1 where the nucleic acids present in the sample or making up the bioactive layer are
aptamers, DNA, RNA, or PNA molecules.

3.

Method according to any of the preceding claims, wherein said change in a mechanical feature of said modified
bioactive layer comprises a contraction of the modified bioactive layer when the temperature is increased, and/or
an expansion of the modified bioactive layer when the temperature is reduced.

4.

Method according to any of the preceding claims, wherein, during at least steps b) and c), the mechanical element
is arranged in a gaseous atmosphere and/or in vacuum.

5.

Method according to any of the preceding claims where the characteristic of the sample determined in step d) is
the presence or absence of the target nucleic acid molecule in the sample, and/or the concentration of the target
nucleic acid molecule in the sample, and/or the presence and/or concentrations of any target molecule having at
least one mismatch with regard to the nucleic acid molecules arranged in the bioactive layer.

6.

Method according to any of the preceding claims, further comprising the steps of:
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- modifying the relative humidity to which the modified bioactive layer is exposed; and
- carrying out step c) so that it comprises measuring said feature of said mechanical transducer element to
obtain said data regarding said feature of said mechanical transducer element corresponding to, at least, two
different temperatures, for at least two different relative humidities.
25

7.

A method according to any of the preceding claims, wherein the temperature of the modified bioactive layer is
controlled by controlling at least one feature of light directed onto said mechanical element.

8.

Method according to claim 1, wherein an array of said mechanical transducer elements is used, at least some of
the mechanical transducer elements of said array being provided with bioactive layers of nucleic acids differing from
bioactive layers of nucleic acids of other mechanical transducer elements of said array.

9.

Method for bioanalysis of a sample, comprising the step of:
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a) bringing a receptor surface of a mechanical transducer element in contact with the sample, said receptor
surface comprising a bioactive layer arranged to interact with a target molecule or substance, so that, after
contact with the sample, said bioactive layer is converted into a modified bioactive layer due to interaction with
the sample;
characterised in that the method further comprises the steps of:
b)varying the temperature of the modified bioactive layer so as to produce a change in at least one mechanical
feature of said modified bioactive layer, thereby producing a change of at least one feature of said mechanical
transducer element;
c) measuring said feature of said mechanical transducer element to obtain data regarding said feature of said
mechanical transducer element corresponding to, at least, two different temperatures of said modified bioactive
layer;
d) determining, on the basis of said data, at least one characteristic of the sample;
wherein said change in a mechanical feature of said modified bioactive layer comprises a contraction of the modified
bioactive layer when the temperature is increased, and/or an expansion of the modified bioactive layer when the
temperature is reduced.
10. Method according to any of the preceding claims wherein the method further comprises the steps of:

55

- modifying the relative humidity to which the modified bioactive layer is exposed; and
- carrying out step c) so that it comprises measuring said feature of said mechanical transducer element to
obtain said data regarding said feature of said mechanical transducer element corresponding to, at least, two
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different temperatures, for at least two different relative humidities.
11. System for surface inspection arranged to detect relative displacement and/or vibration characteristics of a plurality
of elements (51) forming part of a mechanical structure (5) for bioanalysis of a sample, said system comprising:
5

- a light source (1) arranged to generate at least one light beam (11);
- a position sensitive detector (2) arranged to receive the light beam when reflected off the mechanical structure
(5) and to produce at least one output signal in response to receipt of said light beam;
- an electronic control system (3);
10

characterised in that
the system further comprises a sub-system (8) for varying and controlling the temperature of said plurality of elements
(51).
15
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12. System according to claim 11, wherein the mechanical structure is arranged within a chamber (6), and wherein the
system further comprises a sub-system (7) for varying and controlling relative humidity within the chamber (6);
13. System according to claim 11 or 12, wherein said sub-system for varying and controlling the temperature of said
plurality of elements (51) comprises at least one light source arranged to direct light onto said plurality of elements,
and means for controlling at least one characteristic of the light emitted by said light source in order to control the
temperature of said plurality of elements.
14. A system according to any of claims 11-13, configured to carry out the method of any of claims 1-10.
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