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(57) Abstract: The current invention concerns a flow
cytometric system and method for observing, analyzing
and/or separating objects in a liquid sample, comprising a
digital holographic microscope (DHM) and at least one
fluidic system, whereby the DHM comprises illumination
means, an interferometric system and digital recording
means, whereby the fluidic system is capable of guiding
said objects through an illumination beam of the illumina-
tion means of said DHM, whereby the fluidic system
comprises a mechanism for inducing a liquid sample
stream through the fluidic system, whereby preferably the
fluidic system comprises a stream size controlling device
for controlling the transverse dimensions of a liquid
sample stream inside said fluidic system, preferably said
stream size controlling device is capable of lining up the
objects one-by-one or multiple objects at a time in said li-
quid sample stream.
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Flow cytometer with digital holographic microscope

TECHNICAL FIELD

The invention pertains to the technical field of observing, measuring, analysing
and/or separating objects, including biological organisms such as cells, bacteria,
yeasts, micro-organisms, nematodes and non-biological objects, impurities,
contaminants, or any combination thereof, in a liquid sample, using a digital
holographic microscope (DHM). More in particular, a system is disclosed whereby
the objects flow through the illumination beam of the DHM reactor in a flow-
cytometric set-up, whereby objects may be observed, measured, analyzed,
classified and possibly separated depending on their characteristics as observed by
the DHM.

BACKGROUND

Flow cytometry is a technique for counting and examining microscopic particles,
such as cells and chromosomes, by suspending them in a stream of fluid and
passing them by an electronic detection apparatus. It allows simultaneous
multiparametric analysis of the physical and/or chemical characteristics of up to
thousands of particles per second. Flow cytometry is routinely used in the diagnosis
of health disorders, especially blood cancers, but has many other applications in
both research and clinical practice. A common variation is to physically sort

particles based on their properties, so as to purify populations of interest.

Fluorescence-activated cell sorting is a specialized type of flow cytometry. It
provides a method for sorting a heterogeneous mixture of biological cells into two
or more containers, one cell at a time, based upon the specific light scattering and
fluorescent characteristics of each cell. It is a useful scientific instrument, as it
provides objective and quantitative recording of fluorescent signals from individual
cells as well as physical separation of cells of particular interest. The cell suspension
is entrained in the center of a narrow, rapidly flowing stream of liquid. The flow is
arranged so that there is a large separation between cells relative to their diameter.
A vibrating mechanism causes the stream of cells to break into individual droplets.
The system is adjusted so that there is a low probability of more than one cell per
droplet. Just before the stream breaks into droplets, the flow passes through a

fluorescence measuring station where the fluorescent character of interest of each
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cell is measured. An electrical charging ring is placed just at the point where the

stream breaks into droplets. A charge is placed on the ring based on the
immediately prior fluorescence intensity measurement, and the opposite charge is
trapped on the droplet as it breaks from the stream. The charged droplets then fall
through an electrostatic deflection system that diverts droplets into containers
based upon their charge. In some systems, the charge is applied directly to the
stream, and the droplet breaking off retains charge of the same sign as the stream.

The stream is then returned to neutral after the droplet breaks off.

Flow cytometry can thus be used to analyse objects and separate objects from
others in a liquid sample. Hereby objects are suspended in a liquid and are lined up
one-by-one, typically by using a low-density suspension of objects and drop-shaped
nozzle out of which the object liquid is allowed to fall downwards in a narrow
stream or in small droplets. The narrow stream passes in front of illumination
means, typically a laser beam or a fluorescence activation light. The laser beam can
scatter from the objects, or the illumination means can induce fluorescence in the
objects if these have been marked with fluorescent markers. Based on the observed
scattered and/or fluorescent response light, information about the individually
scanned object can be obtained. This information can furthermore be used to
separate this object from the beam. Hereto, a charge can be induced on the object
or the liquid droplet in which the object is suspended, and the object can then be
removed from the stream by applying an electrostatic field. Important in existing
flow cytometry is that the microscopic particles such as objects are lined up one-
by-one in a liquid flow when they pass through a measuring apparatus as the
measuring apparatus is typically capable of obtaining information about the objects

one at a time.

US patent 7463366 discloses a method and device for obtaining a sample with
three-dimensional microscopy, in particular a thick biological sample and the
fluorescence field emitted by the sample. One embodiment includes obtaining
interferometric signals of a specimen, obtaining fluorescence signals emanating
from the specimen, recording these signals, and processing these signals so as to
reconstruct three-dimensional images of the specimen and of the field of
fluorescence emitted by the specimen at a given time. Another embodiment
includes a digital holography microscope, a fluorescence excitation source
illuminating a specimen, where the microscope and the fluorescence excitation

source cooperate to obtain interferometric signals of the specimen and obtain
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fluorescence signals emanating from the specimen, means for recording the

interferometric signals and fluorescence signals, and means for processing the
interferometric signals and the fluorescence signals so as to reconstruct three-
dimensional images of the specimen and of the field of fluorescence emitted by the

specimen at a given time.

Patent application WO2004102111 discloses a compact microscope able to work in
digital holography for obtaining high quality 3D images of samples, including
fluorescent samples and relatively thick samples such as biological samples, said
microscope comprising illumination means at least partially spatially coherent for
illuminating a sample to be studied and a differential interferometer for generating
interfering beams from said sample on the sensor of an electronic imaging device,
said interferometer comprising namely tilting means for tilting by a defined angle
one the interfering beams relatively to the other, said tilting resulting into a defined
shift of said interfering beam on the sensor of the electronic imaging device, said
shift being smaller than spatial coherence width of each beam, said microscope
being able to be quasi totally preadjusted independently from the samples so that
minimum additional adjustments are required for obtaining reliable 3D images of

samples.

Hydrodynamic focusing is a technique used by e.g. microbiologists to provide more
accurate results from flow cytometers or Coulter counters for e.g. determining the
size of bacteria or cells. Cells are counted as they are forced to pass through a
small tunnel, causing disruptions in a laser light beam or electricity flow. These
disruptions are analyzed by the instruments. It is hard to create tunnels narrow
enough for this purpose using ordinary manufacturing processes, as the diameter
must be in the magnitude of micrometers, and the length of the tunnel should
exceed several millimeters. Hydrodynamic focusing solves this problem by building
up the walls of the tunnel from fluid, using the effects of fluid dynamics. A wide
(hundreds of micrometers in diameter) tube made of glass or plastic is used,
through which a "wall" of fluid called the sheath flow is pumped. The sample is
injected into the middle of the sheath flow. If the two fluids differ enough in their
velocity or density, they do not mix: they form a two-layer stable flow. The stability
is required for a better quality of the measurement of the suspended objects.

WO 2011/068764 discloses a flow cytometer which includes a capillary having a

sample channel, at least one vibration producing transducer coupled to the
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capillary, the at least one vibration producing transducer being configured to

produce an acoustic signal inducing acoustic radiation pressure within the sample
channel to acoustically concentrate particles flowing within a fluid sample stream in
the sample channel; and an interrogation source having a violet laser and a blue
laser, the violet and blue lasers being configured to interact with at least some of
the acoustically concentrated particles to produce an output signal. A system as in
WO 2011/068764 is an example of a flow cytometer with acoustic focusing, and

more specifically a capillary-flow cytometer with acoustic focusing.

WO 1998/057152 discloses a method and apparatus for detecting a fluorescent
substance tagged to a microparticle are described. The device comprises a single
capillary flow carrier system for transporting the microparticle past a selected
location, a source of electromagnetic radiation for irradiating the substance tagged
to the microparticle, and a detection system for measuring fluorescent light emitted
from the substance at the selected location. The method comprises transporting the
microparticle to a selected location, irradiating a fluorescent substance tagged to
the microparticle, and measuring the fluorescent light emitted from the fluorescent
substance at the selected location. A system as in WO 1998/057152 or in WO
2011/068764 is an example of a capillary-flow cytometer.

Prior art flow cytometers have a number of disadvantages. One disadvantage is
that the information which is obtained about the object from scattered light is
limited. Since the resulting data from flow cytometric analysis is at an aggregate
level, it is not easy to observe and measure individual object behavior. Another
major disadvantage with a prior art flow cytometer is its low object throughput
rate. Even for high-speed flow cytometers and sorters, this is still less than a few
thousand objects per second. The throughput rate is related to the flow speed and
is limited by the measuring apparatus, which needs to be able to provide a
measurement of adequate quality on a moving particle. Typically, the quality of the
measurement decreases when the flow speed increases and vice versa. A faster
measuring technique, i.e. a technique doing measurements of adequate quality in a
smaller period, thus allows for a higher throughput rates. Many experiments require
a very large number of objects. This implies that even high-speed flow cytometers
and sorters as available in the prior art need to run for long durations, which is not
only an expensive proposition but may also pose quality issues because the objects
sorted from such long runs may no longer be usable in scientific experiments. This

problem may be further aggravated when the sorted objects need to be sterile.
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Although high speed flow cytometers can give sterile objects, this makes the

operation complex and further reduces the throughput. Most existing flow
cytometric systems do not obtain an image of the objects, which may be desired,
e.g. for later inspection or for updating an image database. In systems that do
obtain an image of the objects, including biological organisms such as cells,
bacteria, yeasts, micro-organisms, nematodes and non-biological objects,
impurities, contaminants, or any combination thereof, the image is taken with a
classical, e.g. a fluorescence or a projection, microscope, which necessitates lining
up the objects in the focus of the microscope. Measurement results from objects
which are lined up out of focus are usually rejected, which leads to a significant loss

in efficiency and in information.

Further, flow cytometry has very sophisticated instrumentation, whereby only
skilled and highly trained operators can run it and get any acceptable levels of

performance from such an apparatus.

Also, flow cytometers are expensive instruments to purchase and maintain. A laser
flow cytometer, which can only analyze but not sort, can be very expensive,
especially for small laboratoria, while arc-lamp-based cytometers are only
marginally cheaper. Flow cytometers with the additional sorting capability can cost
almost double their cheaper versions. Additionally, operating a high-speed sort is

another recurring expense that typically costs a substantial amount for each run.

The data acquired with the analysis or measuring apparatus of a prior art flow
cytometer may not be accurate enough, it may not be obtained quickly enough, the
apparatus may be too expensive, it may only give two-dimensional and/or analogue
images. Prior art flow cytometers may use classical optical techniques to obtain an
image of the object, whereby the object needs to be in the focus of the optical
system. This has two main disadvantages: (i) one may not be able to obtain a good
image from an object as it may not be straightforward to place the object in-focus,
especially if it is a moving object as in a flow cytometer, and (ii) one can only
obtain an image of one object at a time as only one object can be placed in-focus at
a time. Furthermore, the gathered sample may need to be processed before
analysis, which can be a time-consuming and labor-intensive procedure.
Contamination may be an issue when the same apparatus is used to monitor or

analyze different samples.
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DHMs may provide images and/or directly digitalized information about samples

which are superior to images and information obtained by other imaging or analysis
techniques. Using a DHM as measurement apparatus of a flow cytometric system or
in addition to a flow cytometer allows a user to obtain a three-dimensional picture
of the objects suspended in the liquid. This picture is based on the recorded
interferometric information recorded by the DHM. A DHM may obtain this
information without the necessity of lining up the objects one-by-one in the focus of
the microscope. In fact, the interferometric pattern recorded by the DHM allows
post-acquisition focusing, resulting in the possibility of extracting a clear 3D image
of an object from the digitalized interferometric pattern, preferably by post-
acquisition software on an analysis computer, and this without the need for
positioning the objects in the focus of a microscope or adapting the focus of the
microscope to the position of the object. Moreover, the objects do not need to be
lined up single file as a recorded interferometric pattern may comprise 3D
information of a large number of objects. This leads to higher throughput rates
when a DHM is used in or in conjunction with a flow cytometric system.
Furthermore, the DHM may still be used in conjunction with fluorescent dyes or
markers, the combination of which leads to an extensive set of observable

parameters of a large number of suspended objects and quantities in a single run.

There remains a need in the art for a flow cytometer with improved measuring,
observation, analysis and/or separation properties. Using a digital holographic
microscope as a measurement apparatus of a flow cytometer will allow to obtain
better information about the scanned objects than prior art flow cytometers,
especially due to its post-acquisition focusing capabilities which eliminate the need
for a focusing apparatus or focusing step in the imaging process. A DHM is
furthermore well adapted to provide high-quality information about moving objects
as it needs little time to make an interferometric or holographic image of an object.
A holographic image contains substantially more information about an object than
prior art measurements in flow cytometric systems, which are typically based on

scattered and fluorescent light, can deliver.

There remains a need in the art for flow cytometers with an improved throughput
rate. The quick acquisition times of a DHM allows a high throughput rate, higher
than prior art flow cytometers, especially prior art cytometers which provide a
similar amount and quality of information about the scanned objects. The DHM is

also capable or gathering information of many objects in one recording step,
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especially due to its post-acquisition focusing capabilities. Hereby, it is not

necessary to present the objects one-by-one in the focus of the microscope, but a

hologram of many objects may be obtained.

There remains a need in the art for flow cytometers which are non-invasive to the
objects which are scanned. This includes flow cytometers which need to introduce
fluorescent or other markers into the objects, including biological organisms such
as cells, bacteria, yeasts, micro-organisms, nematodes and non-biological objects,
impurities, contaminants, or any combination thereof, which are to be scanned.
Such marking can be expensive, time-consuming and invasive to the objects,
whereby the object may not be used in further experiments anymore. Using a flow
cytometer with a DHM solves this problem as a DHM provides a non-invasive and
cost- and time-effective way of obtaining high-quality information about objects. No
dyes or markers are needed for the same or an improved quality of the
measurements. However, there is also a need in the art for flow cytometers which
are capable of obtaining the combined information about suspended objects, as

obtainable by a DHM and by fluorescence techniques, in a single run.

There further remains a need in the art for flow cytometers which are easily
operated. A DHM can be made easy to operate and furthermore lends itself
perfectly for automatisation as it offers digitalized information which can be stored

electronically and/or easily transferred for further use.

There also remains a need in the art for flow cytometers which are cheaper to
manufacture and to operate. Flow cytometers with a DHM have no need for dyes or
markers, which results in lower operation costs. Furthermore, DHMs may comprise
a partially coherent light source such as a LED, OLED, OLET or similar, instead of a
highly-coherent light source such as a laser, hereby drastically reducing

manufacturing costs.

The invention therefore aims to provide a flow cytometer comprising a digital

holographic microscope for the observation of the objects in a liquid flow.

DHMs may provide images and/or directly digitalized information about samples
which is superior to other imaging or analysis techniques. A DHM does not need a
focusing system, as one can perform post-acquisition focusing techniques on the

recorded interferometric pattern. Therefore, one can obtain a high-quality image of
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an object without the need of focusing, and one can obtain images of more than

one object at a time, as these images can be acquired in a post-acquisition step.
Furthermore, using prior art techniques, the gathered sample may need to be
processed before analysis, which can be a time-consuming and labor-intensive
procedure. Contamination may be an issue when the same apparatus is used to
monitor or analyze different reactors, or the same reactor at different positions of
times. Prior art techniques may not always provide the possibility of returning the
sample to the reactor or to another reactor, or the possibility of real-time
monitoring and providing timely feedback for adapting the reactor’s environmental

parameters.

SUMMARY OF THE INVENTION

The present invention provides but is not limited to a flow cytometric system for
observing, analyzing and/or separating objects in a liquid sample, comprising a
digital holographic microscope (DHM) and at least one fluidic system,

- whereby the DHM comprises illumination means, an interferometric system
and digital recording means;

- whereby the fluidic system is capable of guiding said objects through an
illumination beam of the illumination means of said DHM.

- whereby preferably the objects are any in the list of biological organisms,
cells, cell pigments, DNA- and RNA-strands, chromosomes, proteins, micro-
organisms, bacteria, viruses, yeasts, nematodes, enzymes, cytoplasm,
membranes, protozoa, etc. and non-biological objects, impurities,
contaminants, or any combination thereof;

- whereby preferably the fluidic system comprises a mechanism for inducing a
liquid sample stream through the fluidic system, preferably said mechanism
comprises a pump;

- whereby preferably the fluidic system comprises a stream size controlling
device for controlling the transverse dimensions of a liquid sample stream
inside said fluidic system, preferably said stream size controlling device is
capable of lining up the objects one-by-one or multiple objects at a time in

said liquid sample stream.

In a preferred embodiment the illumination means of the DHM comprise partially

coherent light.
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In a preferred embodiment the DHM is a differential DHM, a color or color-sensitive

DHM, or a combination thereof.

In a preferred embodiment, said system comprises one or more fluorescent

detectors for observing fluorescent light of the objects.

In a preferred embodiment the fluidic system comprises a capillary tube for

capillary-flow cytometry.

In a preferred embodiment the fluidic system comprises a hydrodynamic focusing
system for providing a narrow tunnel by sheath flow through which the liquid
sample with objects can flow.

In a preferred embodiment the fluidic system comprises an acoustic focusing

system for acoustically concentrating objects flowing in said liquid sample stream.

In a preferred embodiment the flow cytometric system comprises an object sorting
system for separating objects according to properties which are measurable by said
DHM.

In a preferred embodiment said objects are cells. In a more preferred embodiment
said cells can be separated according a property which indicates that said cells are

anomalous, e.g. infected by human papillomavirus (HPV).

In a preferred embodiment, the present invention provides a flow cytometric
system as described above, comprising at least one pumping system connected to
said one or more fluidic systems and capable of inducing a fluid flow in said fluidic

systems.

In a preferred embodiment, the present invention provides a flow cytometric
system as described above, whereby at least one fluidic system forms a circuit
between a sample reservoir and said DHM and back to said reservoir and/or to one

or more other reservoirs.

In a preferred embodiment, the present invention provides a flow cytometric
system as described above, whereby at least one fluidic system comprises a
reservoir attachment system for easily attaching and/or detaching said fluidic

system to a reservoir, whereby leakage of fluid is prevented.
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In a preferred embodiment, the present invention provides a flow cytometric

system as described above, whereby at least one fluidic system comprises a fluid-
tight flexible, movable and/or bendable part which, when compressed, pulled

and/or pushed results in a fluid flow in said fluidic system.

In a preferred embodiment, the present invention provides a flow cytometric
system as described above, comprising a pumping system with a pump connected
to said fluidic system, capable of compressing, pulling and/or pushing said fluid-
tight flexible, movable and/or bendable part, thereby inducing a fluid flow in said
fluidic system.

In a preferred embodiment, the present invention provides a flow cytometric
system as described above, whereby at least one pumping system comprises a,
preferably continuous, pump such as a peristaltic pump, capable of inducing a,
preferably continuous, fluid flow in a fluidic system to which said pump is

connected.

In a further aspect, the present invention provides a tube for a fluidic system of a

flow cytometric system as described above.

In a preferred embodiment, said tube is autoclavable.

In a preferred embodiment, the present invention provides a tube as described
above, whereby said part comprises a capillary part for narrowing a liquid sample

stream through said tube.

In a further aspect, the present invention provides a fluidic system for a flow
cytometric system as described above, comprising one or more parts which are at
least partially transparent for the illumination means of the DHM of said flow
cytometric system, such as at least partially transparent tubes, reservoirs, sheath

fluid, or transparent interruptions or openings, e.g. in tubing.

In a different aspect, the present invention provides a flow cytometric method for
observing, analyzing and/or separating objects in a liquid sample, comprising the
steps of:

- providing a DHM comprising illumination means, an interferometric system

and digital recording means;
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- providing a fluidic system preferably comprising a mechanism to induce a

liquid sample stream of the liquid sample through the fluidic system;
- inducing a liquid sample stream through the fluidic system;
- guiding said objects, lined up one-by-one or multiple objects at a time,
through an illumination beam of the illumination means of said DHM;
- observing and/or analyzing said objects with the aid of said DHM;
- preferably separating said objects from said liquid sample stream according
to observed properties of said objects,
whereby preferably said objects are biological organisms such as cells, bacteria,
yeasts, micro-organisms, nematodes and non-biological objects, impurities,
contaminants, or any combination thereof, whereby preferably said objects are
lined up by capillarity, capillary flow, acoustic focusing and/or hydrodynamic

focusing.

DESCRIPTION OF FIGURES

Figure 1 is a flow chart illustrating a flow cytometric system according to the

present invention.

Figure 2 shows how a liquid sample from a reservoir flows (202) to a flow

cytometer as known in the prior art (212) and subsequently to a DHM.

Figure 3 shows an embodiment of a flow cytometric system according to the
present invention, whereby a liquid sample stream is led to a DHM and

subsequently to a prior art flow cytometer.

Figure 4 shows an embodiment of a flow cytometric system according to the
present invention, whereby the objects in a liquid sample stream are sorted
according to the information acquired by a DHM and subsequently a subset of the

objects is led to a prior art flow cytometer for obtaining additional information.

Figure 5 shows an embodiment of a flow cytometric system according to the
present invention, whereby the objects in a liquid sample stream are sorted
according to the combined information acquired by a prior art flow cytometer and a
DHM.

Figure 6 shows an embodiment of a flow cytometric system according to the

present invention, whereby the objects in a liquid sample stream are sorted
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according to the information acquired by a prior art flow cytometer and

subsequently a sorted subset of the objects is led to a DHM for obtaining additional

information.

DETAILED DESCRIPTION OF THE INVENTION

The present invention concerns a flow cytometric system and method for observing,
analyzing and/or separating objects in a liquid sample. The present invention also
concerns a fluidic system of such a flow cytometric system and a tube for such a

fluidic system.

Unless otherwise defined, all terms used in disclosing the invention, including
technical and scientific terms, have the meaning as commonly understood by one of

ordinary skill in the art to which this invention belongs. By means of further

guidance, term definitions are included to better appreciate the teaching of the

present invention.

As used herein, the following terms have the following meanings:

"A", "an", and "the" as used herein refers to both singular and plural referents
unless the context clearly dictates otherwise. By way of example, "a compartment”

refers to one or more than one compartment.

“About" as used herein referring to a measurable value such as a parameter, an
amount, a temporal duration, and the like, is meant to encompass variations of +/-
20% or less, preferably +/-10% or less, more preferably +/-5% or less, even more
preferably +/-1% or less, and still more preferably +/-0.1% or less of and from the
specified value, in so far such variations are appropriate to perform in the disclosed
invention. However, it is to be understood that the value to which the modifier
"about" refers is itself also specifically disclosed.

"Comprise," "comprising," and "comprises" and “comprised of” as used herein are
synonymous with “include”, “including”, “includes” or “contain”, “containing”,
“contains” and are inclusive or open-ended terms that specifies the presence of
what follows e.g. component and do not exclude or preclude the presence of
additional, non-recited components, features, element, members, steps, known in

the art or disclosed therein.
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The recitation of numerical ranges by endpoints includes all humbers and fractions

subsumed within that range, as well as the recited endpoints.

The expression “% by weight” (weight percent), here and throughout the
description unless otherwise defined, refers to the relative weight of the respective
component based on the overall weight of the formulation.

In a first aspect, the present invention provides a flow cytometric system for
observing, analyzing and/or separating objects in a liquid sample, comprising a
digital holographic microscope (DHM) and at least one fluidic system,

- whereby the DHM comprises illumination means, an interferometric system

and digital recording means;

- whereby the fluidic system is capable of guiding said objects through an
illumination beam of the illumination means of said DHM.

- whereby preferably the objects are any in the list of biological organisms,
cells, cell pigments, DNA- and RNA-strands, chromosomes, proteins, micro-
organisms, bacteria, viruses, yeasts, nematodes, enzymes, cytoplasm,
membranes, protozoa, etc. and non-biological objects, impurities,
contaminants, or any combination thereof;

- whereby preferably the fluidic system comprises a mechanism for inducing a
liquid sample stream through the fluidic system, preferably said mechanism
comprises a pump;

- whereby preferably the fluidic system comprises a stream size controlling
device for controlling the transverse dimensions of a liquid sample stream
inside said fluidic system, preferably said stream size controlling device is
capable of lining up the objects one-by-one or multiple objects at a time in
said liquid sample stream.

Using a DHM to measure and/or analyze objects such as biological organisms, cells,
cell pigments, DNA- and RNA-strands, chromosomes, proteins, micro-organisms,
bacteria, viruses, yeasts, nematodes, enzymes, cytoplasm, membranes, protozoa,
etc. and non-biological objects, impurities, contaminants, or any combination
thereof, has many advantages over other techniques, in particular other
microscopic techniques, which is explained throughout this document. The
advantages include the possibility of post-acquisition focusing which allows one to
obtain information of multiple objects without an optical focusing step. Combining a
DHM with a stream or flow of objects in a liquid whereby said objects are lined up
single file or whereby more than one object at a time is presented when they are to
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be measured or observed by the DHM, allows to obtain a detailed analysis of

individual objects in the sample, the analysis being of an improved quality as
compared to prior art flow cytometric systems. Furthermore, this allows a fast,
detailed and individualized scanning or analysis of a large number of objects by a

DHM, faster than analyzing the same number of objects in a prior art DHM.

Using a DHM in a flow-cytometric system offers many advantages as compared to
other analyzing/monitoring techniques, such as

- the possibility of inline 3D/4D monitoring instead of the work-intensive

method of collecting or hand-collecting samples at specific moments and

from specific reactors and subsequent analysis on (2D/3D) microscopic

systems such as traditional microscopes, phase contrast microscopes or
confocal microscopes;
- the greater amount of information about a sample gathered in a shorter
period of time compared to other microscopic techniques;
- the possibility of automated digitalization and even automated qualification
and quantification of the sample, etc.
DHM offers directly digitalized phase information which allows 3D imaging. This is
faster than other 3D imaging techniques such as CT scans which first obtain a large
set of 2D images from which a 3D image is reconstructed, possibly after an extra
digitalization step. Therefore, the present invention leads to a faster, more accurate
and more reliable analyzing and/or monitoring of reactors by using DHM as an
observation, analysis and/or monitoring apparatus or mechanism. DHM is also more
apt than other microscopy system for analyzing fluid, more preferably liquid,
samples, especially for obtaining 3D information, because it is faster and more

accurate than e.g. CT techniques.

Digital Holographic Microscopy is a technique which allows a recording of a 3D
sample or object without the need of scanning the sample layer-by-layer. In this
respect DHM is a superior technique to confocal microscopy. In DHM, a holographic
representation is recorded by a digital camera such as a CCD- or a CMOS-camera,

which can subsequently be stored or processed on a computer.

To make a holographic representation, or hologram, traditionally a highly coherent
light source such as laser-light, is used to illuminate the sample. In the most basic
set-up, the light form the source is split into two beams, an object beam and a

reference beam. The object beam is sent via an optical system to the sample and
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interacts with it, thereby altering the phase and amplitude of the light depending on

the object’s optical properties and 3D shape. The object beam which has been
reflected on or transmitted through the sample, is then made (e.g. by set of mirrors
and/or beam splitters) to interfere with the reference beam, resulting in an
interference pattern which is digitally recorded. Since the hologram is more
accurate when object beam and reference beam have comparable amplitude, an
absorptive element can be introduced in the reference beam which decreases its
amplitude to the level of the object beam, but does not alter the phase of the
reference beam or at most changes the phase globally, i.e. not dependent on where
and how the reference beam passes through the absorptive element. The recorded

interference pattern contains information on the phase and amplitude changes

which depend on the object’s optical properties and 3D shape.

An alternative way of making a hologram is by using the in-line holographic
technique. In-line DHM is similar to the more traditional DHM, but does not split the
beam, at least not by a beam splitter or other external optical element. In-line DHM
is most preferably used to look at a not-too-dense solution of particles, e.g. cells, in
a fluid. Thereby some part of the at least partially coherent light will pass through
the sample without interacting with the particles (reference beam) and interfere
with light that has interacted with the particles (object beam), giving rise to an
interference pattern which is recorded digitally and processed. In-line DHM is used
in transmission mode, it needs light with a relatively large coherence length, and

cannot be used if the samples are too thick or dense.

Another DHM technique called differential DHM (DDHM) is disclosed in European
patent EP 1 631 788. DDHM is different to the other techniques in that it does not
really make use of reference and object beams. In a preferred set-up of DDHM, the
sample is illuminated by illumination means which consist of at least partially
coherent light in reflection or in transmission mode. The reflected or transmitted
sample beam can be sent through an objective lens and subsequently split in two
by a beam splitter and sent along different paths in a differential interferometer,
e.g. of the Michelson or Mach-Zehnder type. In one of the paths, a beam-bending
element or tilting means is inserted, e.g. a transparent wedge. The two beams are
then made to interfere with each other in the focal plane of a focusing lens and the
interference pattern in this focal plane is recorded digitally and stored by e.g. a
CCD-camera connected to a computer. Hereby, due to the beam-bending element,
the two beams are slightly shifted in a controlled way and the interference pattern
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depends on the amount of shifting. Then the beam-bending element is turned,

thereby altering the amount of shifting. The new interference pattern is also
recorded. This can be done a number N of times, and from these N interference
patterns, the gradient (or spatial derivative) of the phase in the focal plane of the
focusing lens can be approximately computed. This is called the phase-stepping
method, but other methods of obtaining the phase gradient are also known, such as
a Fourier transform data processing technique. The gradient of the phase can be
integrated to give the phase as a function of position. The amplitude of the light as
a function of position can be computed from the possibly but not necessarily

weighted average of the amplitudes of the N recorded interference patterns. Since

phase and amplitude are thus known, the same information is obtained as in a
direct holographic method (using a reference and an object beam), and a
subsequent 3D reconstruction of the object can be performed. A differential DHM
has certain advantages over other types of DHMs, one of them being the reduced
manufacturing and operating cost. Furthermore, with a differential DHM, one does
not need to introduce a sample in between the interferometric components, which
leads to better quality of the obtained hologram and a stronger and more shock-
resistant DHM. Therefore, in a preferred embodiment the DHM is a differential DHM.

The use of DHM in a diagnostic setting has many advantages which makes it the
ideal technique to implement in a setting such as in the current invention. Besides a
bright field image, a phase shift image is created as well. The phase shift image is
unique for DHM and gives quantifiable information about optical distance. In

reflection DHM, the phase shift image forms a topography image of the object.

Transparent objects, like living biological cells, are traditionally viewed in a phase
contrast microscope or in a differential interference contrast microscope. These
methods visualize phase shifting transparent objects by distorting the bright field
image with phase shift information. Instead of distorting the bright field image,
transmission DHM creates a separate phase shift image showing the optical
thickness of the object. Digital holographic microscopy thus makes it possible to
visualize and quantify transparent objects and is therefore also referred to as
quantitative phase contrast microscopy. More so, DHM allows imaging subcellular

structures in three dimensions.

An object image is calculated at a given focal distance. However, as the recorded

hologram contains all the necessary object wave front information, it is possible to



WO 2013/120886 PCT/EP2013/052852

10

15

20

25

30

35

17
calculate the object at any focal plane by changing the focal distance parameter in

the reconstruction algorithm. In fact, the hologram contains all the information
needed to calculate a complete image stack. In a DHM system, where the object
wave front is recorded from multiple angles, it is possible to fully characterize the

optical characteristics of the object and create tomography images of the object.

Furthermore, as DHM systems do not have an image forming lens, traditional
optical aberrations do not apply to DHM. Optical aberrations are "corrected" by
design of the reconstruction algorithm. A reconstruction algorithm that truly models

the optical setup will not suffer from optical aberrations. In optical microscopy

systems, optical aberrations are traditionally corrected by combining lenses into a
complex and costly image forming microscope objective. Furthermore, the narrow
focal depth at high magnifications requires precision mechanics. Lastly, the needed
components for a DHM system are inexpensive optics and semiconductor
components, such as a laser diode and an image sensor. The low component cost in
combination with the auto focusing capabilities of DHM, make it possible to
manufacture DHM systems for a very low cost.

In a preferred embodiment the DHM is a differential DHM, a color or color-sensitive
DHM, or a combination thereof. Typically, a differential DHM can used if cost of the
flow cytometric system is to be kept low. A color or color-sensitive DHM, which
comprises more than one, e.g. three, illumination means at or around different
wavelengths, allows one to obtain more detailed and/or colored images of the

objects.

In a preferred embodiment, said system comprises one or more fluorescent
detectors for observing fluorescent light of the objects or impedance detectors for
measuring the impedance of the objects. The flow cytometric system of the present
invention may comprise measurement components which are used in prior art flow
cytometric systems, such as measurement systems of impedance (or conductivity)
and optical systems - lamps (mercury, xenon); high-power water-cooled lasers
(argon, krypton, dye laser); low-power air-cooled lasers (argon (488 nm), red-
HeNe (633 nm), green-HeNe, HeCd (UV)); diode lasers (blue, green, red, violet)
resulting in light signals. The DHM may thus be coupled to existing flow-cytometric
systems, hereby increasing the information obtained in one run as compared to

existing systems without a DHM.
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In a preferred embodiment the fluidic system comprises a capillary tube for

capillary-flow cytometry. In this way, the objects in the liquid sample, e.g. the cells,
can be lined up single file or with multiple objects at a time in the capillary tube,
e.g. without the need of a sheath fluid or other mechanism. By choosing the width
of the capillary tube, it is also possible to control the number of objects which are

exposed simultaneously to the illumination means of the DHM.

In a preferred embodiment the fluidic system comprises a hydrodynamic focusing
system for providing a narrow tunnel by sheath flow through which the liquid
sample with objects can flow. Hydrodynamic focusing is a very effective approach

to position particles for analysis.

In a preferred embodiment the fluidic system comprises an acoustic focusing
system for acoustically concentrating objects flowing in said liquid sample stream. A
flow cytometer with an acoustic focusing system utilizes acoustic excitation,
generated along the entire structure of e.g. a capillary tube, to both focus and
concentrate sample particles to the interrogation region. Because acoustic methods
both focus and concentrate particles, it is possible to maintain both conventional
particle analysis rates as well as long transit times while using a fraction of the
power and consumables of a flow cytometer without acoustic focusing system. The
longer integration time allows conventional particle analysis using data acquisition
systems that are less expensive, smaller and require less power, while still
performing high sensitivity measurements. However, the benefits of acoustic
focusing flow cytometry are not restricted to only the possible elimination of sheath
fluid. Acoustic concentration also enables the analysis of extremely dilute samples
on the order of several cells or particles per liter, as might be seen in a water
monitoring application, at reasonable analysis rates. Since there is no sheath, it is
also possible to repeatedly reanalyze particles of interest for reliable rare event

analysis.

In a preferred embodiment the flow cytometric system comprises an object sorting
system for separating objects according to properties which are measurable by said
DHM. In a more preferred embodiment, said sorting system comprises a vibrating
mechanism which causes the stream of objects to break into individual droplets.
The system is adjusted so that there is a low probability of more than one object
per droplet. Just before the stream breaks into droplets, the flow passes through
illumination means of a DHM where pre-determined object properties can be

measured or observed. An electrical charging ring is placed just at the point where
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the stream breaks into droplets. A charge is placed on the ring based on the

immediately prior DHM measurement, and the opposite charge is trapped on the
droplet as it breaks from the stream. The charged droplets then fall through an
electrostatic deflection system that diverts droplets into containers based upon their
charge. In another embodiment, the charge is applied directly to the stream, and
the droplet breaking off retains charge of the same sign as the stream. The stream
is then returned to neutral after the droplet breaks off.

In a preferred embodiment at least some of said objects are cells. Cells are objects
which can be studied in much detail with DHM.

In a preferred embodiment at least some of said objects are impurities or
contaminants, preferably comprising a size larger than a detection limit of the DHM.
The detection limit of a DHM is typically of the order of the wavelength of the
illumination beam, but may be decreased further to about half this wavelength, e.g.

by using dark-field microscopic techniques.

In a preferred embodiment, said flow cytometric system comprises a fluorescence
measuring system for measuring fluorescence response of the objects to the
illumination means of said DHM. As such, the flow cytometric system may obtained
combined information from the DHM and from a fluorescence analysis. For a
fluorescence analysis, it may be necessary to treat the sample or the objects in the
sample with at least one marker and/or dye. From the combined data from the
DHM and the fluorescence measuring system, one may also look for correlations
between e.g. cell characteristics which are obtained by the DHM and fluorescence
signals of markers indicating the presence of viruses, proteins, DNA- or RNA-

sequences, etc.

The fluorescent response of the objects in the sample may be spontaneous, or it
may induced by the illumination means of the DHM and/or, in a preferred
embodiment, the flow cytometric system comprises fluorescence illumination
means for inducing a fluorescence response of said objects. These illumination
means may comprise a light source with a spectrum, intensity and/or other
properties which are capable for inducing fluorescence of the objects, which may be

treated with markers and/or dyes.

In a more preferred embodiment said cells can be separated according one or more

properties, preferably properties which indicates that said cells are anomalous, e.g.
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infected by human papillomavirus (HPV). These properties may include properties

which are measurable by said DHM, such as cell size, cell height, cell optical height,
cell type, nuclear size, nuclear height, nuclear optical height, lensing effect, etc. or
any combination thereof. These properties may also be measurable by fluorescence
response of the objects to illumination means, whereby the objects are preferably
treated with at least one marker and/or dye, e.g. for marking the presence of
anomalies, such as HPV. The property of lensing effect refers to the focusing or
defocussing properties of the cells, which depend on the curvature of the object and
the refraction index of the cell components and cell fluids, e.g. cytoplasma. Such a

property can be used to determine whether the cell is alive or dead.

In a further aspect, the present invention provides a flow cytometric method for
observing, analyzing and/or separating objects in a liquid sample, comprising the
steps of:
- providing a DHM comprising illumination means, an interferometric system
and digital recording means;
- providing a fluidic system preferably comprising a mechanism to induce a
liquid sample stream of the liquid sample through the fluidic system;
- inducing a liquid sample stream through the fluidic system;
- guiding said objects, lined up one-by-one or multiple objects at a time,
through an illumination beam of the illumination means of said DHM;
- observing and/or analyzing said objects with the aid of said DHM;
- preferably separating said objects from said liquid sample stream according
to observed properties of said objects,
whereby preferably said objects are biological organisms such as cells, bacteria,
yeasts, micro-organisms, nematodes and non-biological objects, impurities,
contaminants, or any combination thereof, whereby preferably said objects are
lined up by capillarity, capillary flow, acoustic focusing and/or hydrodynamic

focusing.

Other microscopic techniques than digital holographic microscopy in a flow
cytometric system as described in this text, may not be fast or accurate enough for
the monitoring of the processes in the reactor and circuit system. Such other
microscopic techniques may not be applied inline, but need to take a sample,
possibly apply a die or coloring, apply the sample to a slide, and use a microscope
to observe the sample on the slide. This process is time consuming and labor
intensive, and therefore not suitable for automation. Other microscope techniques

may give analogue images, which then may be stored digitally e.g. through an
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additional scanning step. With DHM, the information is digitally obtained and can be

processed digitally directly, i.e. one does not need an extra digitalization procedure.
Furthermore, a DHM does not lead to the loss of the sample, as the sample can be
returned to the reactor if desired. Other microscopic techniques may not have that
advantage, due to the use of e.g. coloring, slides, adding necessary markers, etc.
Nevertheless, fluorescence markers and dyes or other prior art techniques may still
be used in conjunction with a DHM hereby increasing the amount of information
which can be obtained from the suspended objects in a single run.

Generally, a DHM comprises illumination means which comprises a coherent light
source or an at least partially coherent light source such as a LASER or LED, an
interferometer which may comprise a set of mirrors and/or beam splitters, and
digital recording means such as a CCD or CMOS camera and e.g. a flash card or
magnetic recording device connected to it for long-time storage. A DHM may also
comprise further optical components such as lenses, mirrors, prisms, attenuators,
etc. Possibly, a DHM may comprise or may be connected to processing means such
as a mainframe, a PC, a logical device such as a PLC, etc. A DHM may work in
transmission and/or reflection mode, preferably depending on the nature of the
sample which is to be observed. A DHM as used in the system of the present
invention may be a traditional DHM, an in-line DHM, a differential DHM, a color or
color-sensitive DHM, or another kind of DHM. Therefore, in a preferred
embodiment, the illumination means of the DHM of said flow cytometric comprise
partially coherent light. A partially coherent light source is in general cheaper than

a coherent light source.

In an embodiment of said flow cytometric system, at least one fluidic system
comprises one or more tubes which may come in direct contact with fluid from said
reactor. Preferably said tubes comprise a bendable material which is still resistant
against possible kinks. The advantage of using tubes in the fluidic system for
guiding the fluid is that they can be produced cheaply and can be made long
enough for the application at hand, or can be combined to a long fluid-guiding
channel. In a more preferred embodiment, only the tubes, more preferably easily
replaceable tubes, may come in direct contact with the fluid of the reactor.
Thereby, other components of the fluidic system can be reused without the

necessity of, possibly expensive, cleaning or decontamination procedures.

In a preferred embodiment, said at least one fluidic system comprises a part which
is at least partially transparent for the illumination means of said DHM for obtaining

phase information of said fluid sample.
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For inline monitoring and/or analyzing the contents of a liquid sample reservoir with

a flow-cytometric system according to the present invention, optical contact is
needed between the DHM and at least a sample of the reservoir's contents,
preferably without the need to definitively remove that sample from the reservoir.
Therefore, said fluidic system may comprise at least a part which provides optical

contact with the DHM, preferably the properties of said part are optimized to the

specifications of the DHM. Furthermore, in a preferred embodiment, the fluidic
system comprises one or more tubes for guiding a sample from the reservoir to the
DHM and back to the reservoir and/or to one or more other reservoirs. In such an
embodiment, the fluidic system can lead fluid from one reservoir to the DHM and
then either back to the same reservoir, or to another, possibly depending on the
information obtained by the DHM. Since the DHM is able to acquire information
about a liquid sample fast and accurately, it can use this information in real-time to
decide what needs to be done with the content of the observed sample. Thereto, in
a preferred embodiment, the fluidic system may comprise one or more, preferably
electronically steered, valves and a decision-making unit which is operably
connected to the valves and the DHM and which decides on which valves to open
and/or close at which time, depending on the information acquired by the DHM.

To avoid contamination of the sample taken from one reservoir e.g. by remains
from another reservoir, the parts of the fluidic system circuits which may come into
direct contact with fluids from reservoirs, should be easily replaceable. In this way,
the parts that do not come into contact with fluid from reservoirs, can be re-used.
This has many advantages: the replaceable parts may at least partly be made from
cheap materials, only the part which should provide optimal optical contact with the
DHM or stream size controlling device, e.g. a nozzle for narrowing a falling stream
of liquid down to micrometer-size, may need to be expensive, the re-usable parts
may be more expensive and of better quality as they will need to last a longer time.
If the re-usable parts are cheap to manufacture, this is also fine. More in
particular, the manufacturer of the system of the present invention has a choice in
how to make the re-usable parts which can be optimized according to the specific
use of the system. Replaceable parts of the system do not need to be
decontaminated or sterilized or can be sterilized, e.g. autoclaved, before being
connected to the fluidic system, hereby gaining time and saving costs, especially if
many different types of samples need to analyzed by the same flow-cytometric

system. Such replaceable parts may be produced in large quantities, leading to
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reduced costs. Therefore, in a preferred embodiment, the fluidic system comprises

tubes which are easily replaceable and/or cheap to manufacture.

In a preferred embodiment, the system of the present invention comprises a
central unit connected to the DHM or part of the DHM, which is capable of adjusting
the DHM, in particular the working parameters of the DHM.

A fluid flow may be present due to natural phenomenon such as convection,
conduction or radiation, by density or pressure differences induced by e.g. the
reactions taking place in the reactor or heat gradients, by gravity, e.g. as induced
by height differences, etc. If a fluid flow is desired, but is not occurring
spontaneously or if the flow needs to be controlled, one or more pumping systems
may be connected to the fluidic system in order to induce a flow in said system.
Therefore, in a preferred embodiment, the flow cytometric system of the present
invention comprises at least one pumping system connected to the fluidic system

and capable of inducing a fluid flow in said fluidic system.

In a preferred embodiment, the flow cytometric system according to the present
invention comprises at least one fluidic system which comprises a reservoir
attachment system for easily attaching and/or detaching said fluidic system to a
reservoir, whereby leakage of fluid is prevented. In a more preferred embodiment,
said reservoir attachment system comprises a screw thread mounted on an outer
surface which can be screwed into and out of a corresponding screw thread in an
opening of a side or lid of said reservoir, hereby sealing said opening, i.e.
preventing fluid from escaping the volume created by said reservoir and said fluidic
system, whereby said reservoir attachment system comprises at least two
passageways for fluid in-flux and fluid out-flux, hereby allowing transport of fluid
from said reservoir to said DHM and possibly back via said fluidic system. The
reservoir attachment system can be such that the fluidic system can be connected

to a reservoir from the top, the side, the bottom or a combination thereof.

In a preferred embodiment, at least one fluidic system comprises a fluid-tight
flexible, movable and/or bendable part which, when compressed, pulled and/or
pushed results in a fluid flow in said fluidic system. As such, a fluid flow can be
induced in the fluidic system without a high risk of leaks and without contamination
of the actuator of the flow. In a more preferred embodiment, the fluid microscope
system of the present invention comprises a pumping system connected to said

fluidic system, capable of compressing, pulling and/or pushing said fluid-tight
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flexible, movable and/or bendable part, thereby inducing a fluid flow in said fluidic

system.

In yet another aspect, the present invention provides an assembly of a flow
cytometric system as disclosed in this document, connected to one or more

reservoirs via a fluidic system. This reservoir may comprise a sample of objects

suspended in a liquid, whereby the objects can be observed, measured, analyzed,

classified and/or sorted by said flow cytometric system.

The invention is further described by the following non-limiting examples which
further illustrate the invention, and are not intended to, nor should they be
interpreted to, limit the scope of the invention.

EXAMPLES

Figure 1 is a flow chart illustrating a flow cytometric system according to the
present invention. A liquid sample, i.e. a sample of objects in suspension, from a
reservoir (206) is introduced into a fluidic system. A stream is induced into the
liquid sample by a pumping system (201), and the liquid sample is guided via a
tube (202) of the fluidic system to a stream size controlling device (203) of the
fluidic system. The stream of the liquid sample can be narrowed down (204) by the
device (203) and sent to the DHM (205) of the flow cytometric system. This can be
done by any technique, such as the ones described in this document: hydrodynamic
focusing, acoustic focusing, capillarity, etc. and the liquid sample may simply fall
through the illumination beam of the illumination means of the DHM or it may be
guided through the illumination beam in a transparent tube, such as a transparent
capillary tube, etc. The diameter or cross section of the narrowed stream (204)
may be pre-set or it may be adjusted according to the specific liquid sample which
is being analyzed or the specifications of the operator of the flow cytometric
system. For a high throughput, the diameter can be chosen large such that many
objects at a time are presented to the illumination beam and observed by the DHM.
If the objects are to be sorted according to their measured properties, a small
diameter leading to the lining up of the objects one-by-one, may be preferred. The
information about the objects in the liquid sample stream is recorded by the DHM
(205) and preferably send via a link (208) to a controlling, computing and database
system (207). This system (207) may interpret the information as obtained by the

DHM and may e.g. perform post-acquisition focusing for zooming in onto the
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individual objects and acquire information about these objects using imaging or

image-interpreting software. The controlling system (207) may further be capable
of storing or selectively storing the obtained information on the objects, and it may
further steer a sorting apparatus (210) via a link (211) in order to sort the objects
in the stream depending on a set of pre-determined criteria. The sorted objects can

then be led to one or more reservoirs (209).

In the case of sorting, the flow cytometric system may also comprise a vibrating
mechanism which causes the liquid sample stream to break into individual droplets.
The system can then be adjusted so that there is a low probability of more than one
object per droplet. An electrical charging ring is placed just at the point where the
stream breaks into droplets. Just before the stream breaks into droplets, the flow
passes through a DHM (205) where the properties of interest of each object is
measured. An electrical charging ring is placed just at the point where the stream
breaks into droplets. A charge is placed on the ring based on the immediately prior
measured properties, and the opposite charge is trapped on the droplet as it breaks
from the stream. The charged droplets then fall through an electrostatic deflection
system that diverts droplets into containers based upon their charge. In some
systems, the charge is applied directly to the stream, and the droplet breaking off
retains charge of the same sign as the stream. The stream is then returned to

neutral after the droplet breaks off.

Figures 2 to 6 show other embodiments of a flow cytometric system according to

the present invention, whereby prior art flow cytometers are combined with a DHM.

In fig. 2 a liquid sample from a reservoir (206) flows (202) to a flow cytometer as
known in the prior art (212), e.g. a flow cytometer based on fluorescence or
scattered laser light. The prior art flow cytometer (212) in fig. 2 comprises a stream
size controlling device which lines up the objects in the sample one-by-one, and the
liquid sample stream coming out from the prior art flow cytometer (212) may be a
narrowed sample stream (204) in which the objects are lined up one-by-one, said
stream being guided or falling through the illumination beam of a DHM (205).
Alternatively, the stream may be widened before presented to the illumination
beam of the DHM (205). The DHM may obtain additional information about the
objects, including e.g. 2D, 3D or 4D images. Afterwards, the liquid sample stream

may be returned to a reservoir.
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Figure 3 shows an embodiment of a flow cytometric system according to the

present invention, whereby a liquid sample stream is led to a DHM and
subsequently to a prior art flow cytometer. The liquid sample is taken from a
reservoir (206) and via the fluidic system (202) is led to a DHM (205) where
multiple objects at a time are observed by the DHM (205). The liquid sample
stream is then led by the fluidic system to a prior art flow cytometer (212) where it

is narrowed down to line up the objects in the stream one-by-one. The narrow

stream (204) is collected and guided to a reservoir (209) by the fluidic system. In
such a setup, one may for instance use the information acquired by the DHM (205)
to adapt the settings of the prior art flow cytometer (212) in real time e.g. via an
automated control system (214).

Figure 4 shows an embodiment of a flow cytometric system according to the
present invention, whereby the objects in a liquid sample stream are sorted
according to the information acquired by a DHM and subsequently a subset of the
objects is led to a prior art flow cytometer for obtaining additional information. The
system illustrated in fig. 4 is similar to the one illustrated in fig. 1, with the addition
of a prior art flow cytometer (212) along the flow of one of the sorted liquid sample
streams (215). In this set-up, the prior art flow cytometer (212) may work
independently from the controlling system (207) as the sorted liquid sample stream
(215) already only contains those objects of interest. Alternatively, the flow
cytometer (212) may be connected to the same controlling system (207) which can

then serve as a centralized controlling, computing and/or data system.

Figure 5 shows an embodiment of a flow cytometric system according to the
present invention, whereby the objects in a liquid sample stream are sorted
according to the combined information acquired by a prior art flow cytometer and a
DHM. The system illustrated in fig. 5 is similar to the one illustrated in fig. 1, with
the addition of a prior art flow cytometer (212) with a stream size controlling device
in the liquid sample stream (202). The prior art cytometer (212) provides
information, e.g. fluorescence intensities or the dimensions of the objects as
obtained by the observed scattering of laser light, to a control system (207) via link
(213). The stream coming out of the prior art flow cytometer (212) may be kept
narrow (204), i.e. the objects may still be lined up one-by-one. The objects are
then led through the illumination beam of the illumination means of the DHM and
information about the objects are obtained and sent through to the control system
(207) via a link (208). The control system (207) may then combine in real time the
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information from the prior art flow cytometer and the DHM in order to steer the

sorting apparatus (210), where the objects may be sorted according to their
measured properties. The sorted liquid sample stream can be returned to one or

more reservoirs (209).

Figure 6 shows an embodiment of a flow cytometric system according to the

present invention, whereby the objects in a liquid sample stream are sorted

according to the information acquired by a prior art flow cytometer and
subsequently a sorted subset of the objects is led to a DHM for obtaining additional
information. Suspended objects in a liquid sample stream are taken from a
reservoir (206) and via the fluidic system (202) are led to a prior art flow cytometer
(212) which lines up the objects one-by-one. The information obtained by the prior
art flow cytometer (212) is used to control, e.g. via a prior art control system
(220), to sort the objects (210). One of the sorted liquid sample streams, which
can still be kept narrow (204), i.e. the objects may be kept lined up one-by-one, is
guided through the illumination beam of the DHM and the DHM obtains additional
information about the sorted objects. The information can be analyzed and/or
stored on a control system (207) via a link (208). The sorted liquid sample streams
may be guided to one or more reservoirs (209.

It is supposed that the present invention is not restricted to any form of realization
described previously and that some modifications can be added to the presented

example of fabrication without reappraisal of the appended claims.
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CLAIMS

1. A flow cytometric system for observing, analyzing and/or separating objects

in a liquid sample, comprising a digital holographic microscope (DHM) and at
least one fluidic system, whereby the DHM comprises illumination means, an
interferometric system and digital recording means, whereby the fluidic
system is capable of guiding said objects through an illumination beam of
the illumination means of said DHM, whereby the fluidic system comprises a
mechanism for inducing a liquid sample stream through the fluidic system,
whereby preferably the fluidic system comprises a stream size controlling
device for controlling the transverse dimensions of a liquid sample stream
inside said fluidic system, preferably said stream size controlling device is
capable of lining up the objects one-by-one or multiple objects at a time in
said liquid sample stream.

A flow cytometric system according to claim 1, whereby preferably the
objects are any in the list of biological organisms, cells, cell pigments, DNA-
and RNA-strands, chromosomes, proteins, micro-organisms, bacteria,
viruses, yeasts, nematodes, enzymes, cytoplasm, membranes, protozoa,
etc. and non-biological objects, impurities, contaminants, or any
combination thereof.

A flow cytometric system according to any of the claims 1 to 2, whereby said
mechanism to induce a liquid sample stream comprises a pump.

A flow cytometric system according to any of the claims 1 to 3, whereby the
illumination means of the DHM comprise partially coherent light.

A flow cytometric system according to any of the claims 1 to 4, whereby the
DHM is a differential DHM or a color DHM.

A flow cytometric system according to any of the claims 1 to 5, whereby the
fluidic system comprises a capillary tube for capillary-flow cytometry.

A flow cytometric system according to any of the claims 1 to 6, whereby the
fluidic system comprises a hydrodynamic focusing system for providing a
narrow tunnel by sheath flow through which the liquid sample with objects
can flow.

A flow cytometric system according to any of the claims 1 to 7, whereby the
fluidic system comprises an acoustic focusing system for acoustically

concentrating objects flowing in said liquid sample stream.
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A flow cytometric system according to any of the claims 1 to 8, comprising a

fluorescence measuring system for measuring fluorescence response of the
objects to the illumination means of said DHM.

A flow cytometric system according to claim 9, comprising fluorescence
illumination means for inducing a fluorescence response of said objects.

A flow cytometric system according to any of the claims 1 to 10, comprising
an object sorting system for separating objects according to properties
which are measurable by said flow cytometric system.

A flow cytometric method for observing, analyzing and/or separating objects
in a liquid sample, comprising the steps of:

- providing a DHM comprising illumination means, an interferometric
system and digital recording means;

- providing a fluidic system preferably comprising a mechanism to
induce a liquid sample stream of the liquid sample through the fluidic
system;

- inducing a liquid sample stream through the fluidic system;

- guiding said objects, lined up one-by-one or multiple objects at a time,
through an illumination beam of the illumination means of said DHM;

- observing and/or analyzing said objects with the aid of said DHM;

A method according to claim 12, comprising the step of:

- separating said objects from said liquid sample stream according to

observed properties of said objects.

A method according to any of the claims 12 to 13, whereby said objects are
biological organisms, cells, cell pigments, DNA- and RNA-strands,
chromosomes, proteins, micro-organisms, bacteria, viruses, vyeasts,
nematodes, enzymes, cytoplasm, membranes, protozoa, non-biological
objects, impurities, contaminants, or any combination thereof.

A method according to any of the claims 12 to 14, whereby objects are lined
up by capillarity, capillary flow, acoustic focusing and/or hydrodynamic

focusing.
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