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FIG. 1

(57) Abstract: A molecular manipulation system for investigating molecules,having a sample holder constructed to hold a sample
comprising a plurality of molecules attached on one side to a surface in the sample holder and on another side attached to a mi-
crobead of a plurality of microbeads. The system having; an acoustic wave generator to generate an acoustic wave exerting a force
on the microbeads in the sample; anda detector device to detect a response of the plurality of microbeads in the sample on the force
exerted by the acoustic wave to investigate the molecules attached to the microbeads.
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Title: Molecular manipulation system and method

The invention relates to a molecular manipulation system for investigating molecules,
the system comprising:

a sample holder constructed for holding a sample comprising a plurality of
(bio)molecules attached on one side to a surface in the sample holder and on another side
attached to a microbead of a plurality of microbeads; and,

a molecular manipulation device for manipulating the molecules by exerting a force

on the microbeads.

The ability to observe the properties of molecules may be a great tool in biology,
chemistry and physics. Early methods relied on electronic signals such as the patchclamp
and electron microscopy. With the discovery of the green fluorescence protein (GFP), single
biomolecules at work may be visualized in both in vitro and in vivo. A whole field of single
molecule biophysics has emerged, dedicated to exploring the physical details of the cell at
one molecule at a time. These single molecule experiments have helped us to create insight
into the molecular structure and mechanism of protein folding, motor proteins, and DNA and
protein interactions.

In order to learn about the physical properties of molecules, only observing may not
be enough, often physical manipulation of the biomolecule of interest can yield additional
information. Several techniques allow the manipulation by applying forces to the molecule,
such as atomic force microscopy (AFM), and magnetic and optical tweezers. Each of these
techniques has its own advantages and drawbacks. For example, in most of these
technigues only one molecule is manipulated at the time.

It may be beneficial to manipulate a plurality of single molecules and investigate their
behaviour. W0O2013/051932 therefore discloses a molecular manipulation apparatus for
investigating molecules attached on one side to a surface of a sample and on another side
to a microbead. The apparatus having a radiation system for providing a radiation beam with
a radiation intensity to the sample and the surface of the sample is transmissive for the
radiation. The apparatus is provided with a sample holder for holding the sample with its
transmissive surface in the beam of radiation such that the plurality of microbeads are
pushed by the radiation. The radiation may have a power between 1 MilliWatt and 1
KiloWatt and a wavelength between 150 and 1500nm. The apparatus has a detector for

detecting a 3D position of the microbeads; and, a computer programmed for calculating a
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physical property of the molecules as a function of the 3D position of the plurality of
microbeads.

It is an objective of the invention to provide an improved molecular manipulation
system for investigation of a plurality of molecules.

According to an embodiment there is provided a molecular manipulation system for
investigating molecules, the system comprising:

a sample holder constructed for holding a sample comprising a plurality of molecules
attached on one side to a surface in the sample holder and on another side attached to a
microbead of a plurality of microbeads; and,

a molecular manipulation device for manipulating the molecules by exerting a force
on the microbeads;

wherein the molecular manipulation device comprises an acoustic wave generator to
generate an acoustic wave exerting a force on the microbeads in the sample.

The force exerted by the acoustic wave on a microbead may be between 0.1 to 1000
piconewton which is much larger than possible with a laser beam using the same powers.
The acoustic waves do not provided a large heat load on the sample as the radiation of the
laser may do when applying pushing with the radiation of the laser beam. The heat load may
damage the molecules in the sample or may disturb the detector which is not the case if

acoustic waves are provided according to the embodiment.

According to an embodiment the manipulation system comprises a detector device to
detect a response of the plurality of microbeads in the sample on the force exerted by the
acoustic wave to investigate the molecules attached to the microbeads. The effects of the

manipulation of the plurality of molecules may therewith be investigated.

According to an embodiment the acoustic wave generator has an adjustable
frequency to tune the frequency of the acoustic wave to a frequency of an acoustic standing
wave. The frequency of the acoustic standing wave is determined by the dimensions of the
sample. By having an adjustable frequency the frequency of the acoustic wave may be
tuned to the (un)known frequency of the acoustic standing wave. The acoustic standing
wave is resonating within the sample holder and thereby exerting a larger force. The force
may be a factor more than 100,000 larger than the force of a normal not resonating acoustic

wave.

According to an embodiment the system is constructed and arranged to have the
surface in the sample holder perpendicular to the propagation direction of the standing wave
generated with the acoustic wave generator. By this construction the molecules attached to
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the surface will receive a force stretching the molecules in a direction parallel to the

propagation direction of the acoustic wave.

According to an embodiment the acoustic wave generator has a vibration actuating
plane perpendicular to the propagation direction of the standing wave, the system being
constructed and arranged to have the vibration actuation plane substantially parallel to the
surface in the sample holder. By this construction the molecules attached to the surface and
microbeads will receive a force stretching the molecules in a direction parallel to the

propagation direction of the acoustic wave.

According to an embodiment the acoustic wave generator is a piézo element. The
piezo may be controlled by an alternating current of a power source to create an acoustic
standing wave. Piézo element’s are relatively cheap and may have a fast response time to

adjust the force.

According to an embodiment the sample holder comprises a flow cell having a
channel with the surface being along the inside of the channel. The molecules and/or

microbeads may be provided by flowing them through channel of the flow cell.

According to an embodiment the sample holder comprises a container holder for
holding a container with the surface provided with the sample perpendicular to the
propagation direction of the standing wave. The container with the sample may simply be

exchanged from the system in this way.

According to a further embodiment the detector device comprises a microscope, and
the system is constructed and arranged to have a focal plane of the microscope
substantially parallel and slightly above the surface provided with the sample to detect the
microbeads attached with the molecules to the surface. The microscope provides an easy
way to detect the microbeads. Preferably, air is present between the microscope and the

sample.

According to an embodiment the microscope is provided with a detector to produce a
digital image of the focal plane and the system is provided with a calculation device to
calculate a position of the microbeads in a direction perpendicular to the focal plane by
processing of an interference pattern caused by microbeads which are not in focus. By
having a sensor producing a digital image the position of the microbeads may be digitally

calculated.
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According to an embodiment the microscope is provided with a detector to produce a
digital image of the focal plane and the system is provided with a calculation device to
calculate a position of the microbeads in a direction parallel to the focal plane.

According to an embodiment the microscope is provided with a detector to produce a
digital image of the focal plane and the system is provided with a processing device to
provide a quantitative analysis of the microbeads in the sample. Quantitative analyses may
be useful if, for example it is necessary to determine a concentration of a particular molecule
in the sample or for example it is necessary to extract quantitative physical information of a

particular molecule in the sample.

According to an embodiment the system comprises an illumination system for
illuminating the sample in the sample holder. llluminating the sample improves imaging of
the microbeads. A reflector may be provided in the system to reflect the radiation of the

illuminator towards the sample.

According to an embodiment the acoustic wave generator has an adjustable
frequency to tune the frequency of the acoustic wave to one of the resonating frequencies
of the acoustic standing wave. When the frequency is set to a resonating frequency where
pushing is not favorable this may result in acoustic streaming of the liquid in the sample.
This may be helpful in the process of connecting the molecules to the surface and on

connecting the microbeads to the molecules and the mixing of the fluids in the sample.

According to an embodiment the molecular manipulation system is provided with a
reflector for illumination of the beads. The reflector being provided between the sample and
the molecular manipulation device. By providing the illumination from the other side of the

acoustic wave generator the reflector reflects the illumination back to the sample.

According to an embodiment the sample holder and the manipulation device are
provided as a single unit. The manipulation system may function as a lab on chip giving it a

very versatile use.

According to an embodiment there is provided a method of investigating molecules
comprising:

providing a plurality of molecules to a sample in a sample holder,;

connecting the molecules with one side to a surface in the sample holder and with

another side to an individual microbead of a plurality of microbeads;
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generating an acoustic wave with an acoustic wave generator to exert a force on the
microbeads manipulating the molecules in the sample; and,

detecting a response of the plurality of microbeads in the sample on the force
exerted by the acoustic wave with a detector device to investigate the molecules attached to

the microbeads.

According to an embodiment the microbeads are made of thermoplastics,
thermosetting polymers or silica. The force exerted by the acoustic standing wave scale with
the third power of the radius. Therefore the size is an important factor in the manipulation.
No magnetic material is required in the microbeads which would be the case if a magnetic
force is used. The microbeads made of thermoplastics, thermosetting polymers or silica are

easy to produce and relatively cheap.

According to an embodiment the method comprises providing an additional molecule
in the sample and detecting a response of the plurality of microbeads in the sample
comprises detecting an influence of the additional molecules on the molecules attached to
the microbeads. The manipulation system may be used to determine the influence of
additional other molecules on the molecule under investigation. If the other molecules are
provided they may have influence on for example the length of the molecule under
investigation or the strength with which the molecule under investigation is attached, which

may be measured with the manipulation system.

Embodiments of the invention will now be described, by way of example only, with
reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:

Figure 1 depicts a schematic drawing of the molecular manipulation apparatus
according to an embodiment;

Figures 2a and 2b depict how the molecular manipulation apparatus is working;

Figure 3 discloses a molecular manipulation system according to an embodiment of
the invention;

Figure 4a depicts the X, Y movements of the microbeads when the microbeads are
freely moving and with a 6.630 MHz acoustic standing wave (figure 4a); and,

Figure 4b depicts the X, Y movements of the microbeads FM when the beads are
freely moving and when an acoustic wave of 9.567MHz is provided a resonance frequency

where streaming is favorable, thereby providing streaming in the flow channel.
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Figure 1 depicts a schematic drawing of the molecular investigation system 1 for
investigating molecules according to an embodiment. A molecular manipulation device 3
may be provided with an acoustic wave generator 5, a transducer(e.g. a piézo element or a
voice coil actuator) connected with a power source 7 for generating an acoustic wave. A
sample 9 comprising a plurality of molecules attached on one side to a first surface 8 in the
sample holder 10 and on another side attached to a microbead of a plurality of microbeads
may be held by a sample holder 10 with its second surface 12 against the acoustic wave

generator 5.

The power source 7 may provide an alternating current with an adjustable frequency
to tune the frequency of the acoustic wave between 0 to 20 MHz to a frequency of an
acoustic standing wave. The Voltage of the power source 7 may also be tuned to adjust the
amplitude of the acoustic wave. The acoustic standing wave is resonating within the sample
holder and thereby exerting a larger force. The force may be a factor more than 100,000
larger than the force of a normal not resonating acoustic wave. The force of the acoustic
wave on a microbead may be between 0.1 to 1000 piconewton, preferably between 1 to 100
piconewton. The acoustic standing wave created over the flowcell will push the beads that

are in this flowcell to the nod of the standing wave.

The adjustable frequency of the acoustic wave may be tuned to a resonance
frequency of the acoustic standing wave, where streaming dominates, so as to create a
streaming in the fluid of the sample, to mix the sample. A resonance frequency of the
standing wave, where pushing is less favorable, will create mixing in the sample. This may
be helpful in the process of connecting the molecules to the surface and on connecting the

microbeads to the molecules.

The sample 9 may be held by a sample holder 10 with its second surface 12 against
the acoustic wave generator 5. A microscope objective 11 may be used in the detector
device for imaging an image of the microbeads on the detector 23. The objective is,
preferably, of the air type, i.e. air is present between the objective 11 and the sample to
insulate the vibrations in the sample from the microscope objective 11 such that the forces

exerted by the standing wave are maximized and no vibrations are vibrating the objective.

lllumination of the sample 9 may be accomplished by an illumination system
provided with a light source e.g. LED 15 and illuminator lens 19. The illumination beam may
be coupled into the microscopic objective 11 using in-coupling optics, for example a beam
splitter 17. The illumination beam may illuminate the sample 9. A reflector may be provided

6
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between the sample 9 and the acoustic wave generator 5 to reflect the illumination beam

back towards the detector 23.

The light collected by the objective 11 may be imaged on the detector 23, for
example a CMOS camera. The CMOS camera may be operable connected to a computer
24 for analyzing the image and/or calculating a physical property of the molecule. The
computer 24 may be programmed to:

calculate a 2D position of the microbeads in the focal plane;

calculate a position of the microbeads in a direction perpendicular to the focal plane
by processing of an interference pattern caused by microbeads which are not in focus;

calculate a position of the microbeads in a direction parallel to the focal plane;
and/or,

provide a quantitative analysis of the microbeads in the sample.

A sample 9, e.g. a simple flow cell may be made by separating a cover glass 27
(0.20x25x25mm fused quarts Vitrosil 077®) and microscope slide 29 (1x75x25mm fused
quarts Vitrosil 077) with a layer of parafilm 31 (See figure 2a and 2b). A plurality of
molecules e.g. DNA molecules (1000 bps) M are at one end attached (e.g. tethered) to the
first surface 8 via a first connector e.g. a dig 33 connecting to a second connector e.g. anti-
dig 35. The other end of the molecule M may be attached (e.g. tethered) to a microbead B of
a plurality of microbeads via a third connector e.g. biotin 39 binding with a fourth connector

e.g. streptavadin 37.

The sample may also be prepared from a flow cell that is made out of one piece of
material with a channel in the middle. A plurality of molecules e.g. DNA molecules (1000
bps) may be at one end attached (e.g. tethered) to a first surface of the channel and via a
first connector e.g. a dig connected to a second connector e.g. anti-dig. The other end of the
molecule may be attached (e.g. tethered) to a microbead of a plurality of microbeads via a
third connector e.g. biotin binding with a fourth connector e.g. streptavidin. The flow cell may
be provided with the molecules, the first, second, third and fourth connector and the beads
by flowing them through the flow channel and let them react in the channel to prepare the
sample. An advantage of using a flow cell made out of one piece is that it is more rigid and
therefore acoustically a better resonance may be present increasing the forces that may be

exerted on the beads.

The sample prepared from a flow cell made out of one piece of material with a
channel in the middle may also be provided with the vibration generator e.g. the piézo

7
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element mounted on the sample. In this way we prepare a lab on chip design. To prevent
sticking of the DNA, the surface of the flow cell may be coated with casein. The microbead B
tethered to the DNA molecule may serve a double purpose: first as a handle to apply a force
25 to the DNA with the acoustic wave 13 and second as a probe to detect the DNA's
response to that applied force 25. The physical property of the DNA molecules M may be
determined by detecting the position of the microbead B in 3 dimensions over time with the
detector device comprising objective 11 and camera 23 (in figure 1) and in response to the
force 25 generated by the acoustic wave 13. The microbeads B and molecules M may be
surrounded by water in the sample 9. An advantage of the apparatus is that it may be used
with a large number of different microbeads. In magnetic manipulation apparatus one may
be bound to the use of magnetic microbeads whereas in our system there is more freedom

of the used microbeads of different materials.

We may also investigate direct protein-antibody interactions in the sample. In that
case there may be a direct connection between the streptavidin 37 and the anti-dig 35 of
figure 2b without the molecule “M”, the biotin 39 and the dig 33 of figure 2b. The later being

helpful if direct interactions are being investigated.

The center position of the microbead B may be calculated by the computer 24 for
every image of the detector 23 to track the end-to-end length of the DNA molecule M over
time. Since the size of the microbead B may be in the order of a wavelength the point
spread function (PSF) may be imaged on the detector 23. To detect the center of the PSF
(x, y) a cross correlation algorithm may be used, that achieves sub pixel resolution even
when the PSF center is not more than a few pixels. Although a single measurement of the
microbead position may directly yield information on the state of the DNA, multiple
measurements may lead to a distribution that may be used to investigate the physical
properties of the DNA molecule e.g. the length as well as length changes (for example
induced by proteins). A typical value that describes the size of the distribution in relation to
the average positions x and y may be the root mean square motion (RMS) and is given by

equation 1.1.

((x-x)2+@-y)2) (1.1)

In addition to the position of the microbead in x and y, the changes in height of the
microbead (z) may also be recorded. And in contrast to the x, y position, the microbead's

height may be a direct measurement of the DNA's length. The height may be determined by
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determining the shape of the PSF that is dependent on the distance from the sample to the
detector or to calculate a z position of the microbead by the interference pattern image
caused by an unfocused microbead. Hence, a change in height of the microbead leads to a
change in the PSF. In order to relate the measured PSF to the changes in height, a look up
table may be used (LUT, a library that contains the radial profile as a function of the
microbeads height). The LUTs may be made by moving the sample over a known distance,
using a piezo stage, and storing the radial profile of the microbead. To obtain the changes in
height during a measurement, the measured radial profile may be compared to the profiles
stored in the LUT. By interpolating between and averaging over multiple radial profiles, a

detection accuracy of < 5 nm may be achieved at an effective frame rate of 25 Hz.

To maximize the exerted force and minimize the amount of energy in the acoustic
wave necessary to achieve desirable forces, selecting the proper material and microbead
size may be very important. The microbeads may therefore be made of thermoplastics and
thermosetting polymers or silica. Double stranded DNA starts to melt and convert into single
stranded molecules at a force of around 65 piconewtons (pN) (depending on salt
concentrations). Therefore, the molecular manipulation system may ideally be able to
achieve forces of several tens of piconewtons to be able to fully stretch double stranded
DNA.

Figure 3 discloses a molecular manipulation system according to an embodiment.
The system is constructed and arranged to have the first surface 8 in the sample holder
perpendicular to the propagation direction of a standing wave generated with the acoustic
wave generator 5 e.g. a piézo element. The acoustic wave generator 5 has a vibration
actuating plane 41 perpendicular to the propagation direction of the standing wave, the
system being constructed and arranged to have the vibration actuation plane 41

substantially parallel to the first surface 8 in the sample holder 10.

The sample holder 10 may comprise a flow cell having a channel 43 with the first
surface 8 along the inside of the channel 43. The acoustic wave may be used to exert a
force on the microbeads B stretching the molecules M towards a centerline 45 of the
channel 43 when activated. The acoustic wave may create a standing wave pushing the
beads B away form the first surface 8 in the sample towards the centerline 45. A reflector 47
may be provided for illumination of the beads B. The reflector 47 may be provided between
the sample holder 10 and the molecular manipulation device 5, which together may form a

single unit. lllumination may be provided from a direction as depicted by arrow 49.
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Alternatively, the sample holder may be a container holder for holding a replaceable
container e.g. a petri dish with the surface provided with the sample perpendicular to the
propagation direction of the standing wave in the standing wave. In this embodiment it is

rather easy to replace the container with another container.

Figure 4a depicts the X, Y movements of the microbeads when the microbeads are
freely moving FM and moving with a 6.630 MHz acoustic standing wave AM.

Figure 4b depicts the X, Y movements of the microbeads FM when the beads are
freely moving and when an acoustic wave of 9.567MHz is provided which is resonating, but
this frequency is not favorable for pushing. Thereby streaming is dominant, in the flow
channel which presses the molecules along the first surface. Clearly visible is the influence

of an acoustic wave on the movements of the microbeads.

The detector device to detect a position of the microbead may also be a detector to
detect a position of multiple microbeads that are connected in the sample to multiple
molecules. By quantitive analysis of the microbeads and their position in the sample the
apparatus may become very sensitive for detecting concentrations of a particular molecule
in the sample and/or for detecting the influence of certain proteins on the length of the
molecules. The apparatus may also be used to measure the presents and or concentration
of particular molecules interacting with the molecules that are located between the cover

glass and the microbead.

While specific embodiments of the invention have been described above, it will be
appreciated that the invention may be practiced otherwise than as described. For example,
the invention may take the form of a computer program containing one or more sequences
of machine-readable instructions describing a method as disclosed above, or a data storage
medium (e.g. semiconductor memory, magnetic or optical disk) having such a computer
program stored therein.

The descriptions above are intended to be illustrative, not limiting. Thus, it will be
apparent to one skilled in the art that modifications may be made to the invention as

described without departing from the scope of the claims set out below.

10
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CLAIMS

1. A molecular manipulation system for investigating molecules, the system comprising:

a sample holder constructed for holding a sample comprising a plurality of molecules
attached on one side to a surface in the sample holder and on another side attached to a
microbead of a plurality of microbeads; and,

a molecular manipulation device for manipulating the molecules by exerting a force
on the microbeads;

wherein the molecular manipulation device comprises an acoustic wave generator to

generate an acoustic wave exerting a force on the microbeads in the sample.

2. The molecular manipulation system according claim 1 wherein the system comprises
a detector device to detect a response of the plurality of microbeads in the sample on the

force exerted by the acoustic wave to investigate the molecules attached to the microbeads.

3. The molecular manipulation system according to claim 1 or 2, wherein the acoustic
wave generator has an adjustable frequency to tune the frequency of the acoustic wave to a

frequency of an acoustic standing wave in the sample.

4. The molecular manipulation system according to any of the preceding claims,
wherein the system is constructed and arranged to have the surface in the sample holder
perpendicular to the propagation direction of the standing wave generated with the acoustic

wave generator.

5. The molecular manipulation system according to any of the preceding claims,
wherein the acoustic wave generator has a vibration actuating plane perpendicular to the
propagation direction of the standing wave, the system being constructed and arranged to

have the vibration actuation plane substantially parallel to the surface in the sample holder.

6. The molecular manipulation system according to any of the preceding claims wherein

the acoustic wave generator comprises a transducer, such as a piézo element.
7. The molecular manipulation system according to any of the preceding claims,

wherein the sample holder comprises a flow cell having a channel with the surface along the

inside of the channel.

11
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8. The molecular manipulation system according to any of the preceding claims,
wherein the sample holder comprises a container holder for holding a container with the
surface provided with the sample perpendicular to the propagation direction of the acoustic

wave.

9. The molecular manipulation system according to any of the preceding claims,
wherein the detector device comprises a microscope, and the system is constructed and
arranged to have a focal plane of the microscope substantially parallel and slightly above
the first surface provided with the sample to detect the microbeads attached with the

molecules to the first surface.

10. The molecular manipulation system according to claim 9, wherein the detector device
comprises a detector to produce a digital image of the focal plane and the system is
provided with a calculation device to calculate a position of the microbeads in a direction
perpendicular to the focal plane by processing of an interference pattern caused by

microbeads which are not in focus.

11. The molecular manipulation system according to any of claims 9 to 10, wherein the
detector device comprises a detector to produce a digital image of the focal plane and the
system is provided with a calculation device to calculate a position of the microbeads in a

direction parallel to the focal plane.

12. The molecular manipulation system according to any of claims 9 to 11, wherein the
detector device comprises a detector to produce a digital image of the focal plane and the
system is provided with a processing device to provide a quantitative analysis of the

microbeads in the sample.

13. The molecular manipulation system according to any of the preceding claims,
wherein the system comprises an illumination system for illuminating the sample in the

sample holder.

14. The molecular manipulation system according to any of the preceding claims,
wherein a reflector is provided for illumination of the beads between the sample and the

molecular manipulation device.

15. The molecular manipulation system according to any of the preceding claims,
wherein the sample holder and the manipulation device are provided as a single unit.

12
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16. The molecular manipulation system according to any of the preceding claims,
wherein the acoustic wave generator has an adjustable frequency to tune the frequency of
the acoustic wave to a frequency of the acoustic standing wave, where mixing is more

favourable, in comparison with pushing, to mix the sample.

17. A method of manipulating molecules comprising:

providing a plurality of molecules to a sample in a sample holder;

connecting the molecules with one side to a surface in the sample holder and with
another side to an individual microbead of a plurality of microbeads; and,

generating an acoustic wave with an acoustic wave generator to exert a force on the

microbeads manipulating the molecules in the sample.

18. The method according to claim 17, wherein the method comprises detecting a
response of the plurality of microbeads in the sample on the force exerted by the acoustic

wave with a detector device to investigate the molecules attached to the microbeads.

19. The method according to claim 17 or 18, wherein the microbeads are made of

thermoplastics, thermosetting polymers or silica.

20. The method according to claims 17 to 19, wherein the method comprises providing
an additional molecule in the sample and detecting a response of the plurality of microbeads
in the sample comprises detecting an influence of the additional molecules on the molecules

attached to the microbeads.

21. A molecular manipulation system for investigating molecules, the system comprising:

a sample holder constructed for holding a sample comprising a plurality of molecules
attached on one side to a surface in the sample holder and on another side attached to a
microbead of a plurality of microbeads;

a molecular manipulation device for manipulating the molecules by exerting a force
on the microbeads;

wherein the molecular manipulation device comprises an acoustic wave generator to
generate an acoustic wave exerting a force on the microbeads in the sample;

a reflector is provided between the sample and the molecular manipulation device to
reflect illumination in the direction of the sample; and,

the sample holder, the reflector and the manipulation device are provided as a single

unit.
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