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MEMBRANE FOR SEPARATION OF STEM CELLS FROM BIOLOGICAL SAMPLES,
PRODUCTION PROCESS FOR SAID MEMBRANE, AND PROCESS AND DEVICE
FOR SEPARATION COMPRISING SAID MEMBRANE

The present invention is a membrane for the separation of target stem cells from
biological samples — more precisely from a single-cell suspension prepared from a
biological sample — thus obtaining sterile target stem cells in a physiological buffer of
a known cell population size (number of isolated cells) and viability (live/dead cells
ratio). Thus obtained target stem cells may be used either in therapy — immediately
after separation or subsequently for the development of tissue fillers or new solutions
in regenerative medicine, related to various tissues in dental medicine, orthopedics,
plastic surgery, etc. or in research, for example the study of stem cell biology or
testing of new therapeutic agents, etc. The membrane is designed as a 3D carrier
structure made of at least one layer of a biocompatible polymer with predefined pore
size as a carrier material, featuring covalently bound target molecules, preferably
target antibodies — either on its surface and/or in the pores — recognizing
characteristic antigens bound to the surface of target stem cells and thus binding the
target stem cells to the membrane. Target molecules can be bound directly to the
surface and/or in the pores of the carrier structure or they can be bound to or
integrated in the 3D membrane structure by specific functionalized nanoparticles.

In addition, the present invention includes the membrane production process as well
as the process and device for the separation of target stem cells from a biological
sample, which includes the above membrane as a constituent part.

The use of the membrane and the processes of the invention enable a highly specific
and effective active separation of target stem cells from the cell mixture in a biological

sample.
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State of the art, technical problems, and deficiencies solved by this invention.

US patent no. 794266 refers to the isolation of cells by binding magnetic particles to
the cells. The solutions from the above patent are not comparable with the solutions
disclosed in the present invention, for the above patent uses a cell separation
technology based on the magnetic attractive force in a field, the present invention
however induces cell separation exclusively based on the reaction of the antibody

with the cell.

US patent no. 7592431 refers to the isolation of T,y cells using biocompatible carrier
structures and activation of cell surface markers. Relevant literature does not imply
any sufficiently specific markers in T, cells; therefore, the process according to the
invention is based on a different approach: differentiation of stem cells into Teq cells.

Patent application no.W02017075389 includes the description of obtaining cells
using corresponding markers; the authors did not specify the type of input-tissue; the
procedure is carried out manually (takes more time, money and the yields are not
comparable) and antibodies used are not comparable to the antibodies mentioned in
the present invention (e.g. CD90...).

US patent no. 7390484 includes the description of a new optimized collection
container for lipoaspiration, including a filter system enabling the enrichment of cell
suspension. It is about cell “concentration” and the application thereof onto cell
culture plates for further purification and multiplication of cells obtained from the

sample.

US patent application no. 20130130371 describes mechanic purification of
lipoaspirate using mesh filters. However, the procedure according to the invention
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determines cell suspension as input material, which can be prepared in several ways,
therefore the procedure according to the present invention is not limited to filtering or
purification using mesh filters. Moreover, the above patent application does not
mention any “affinity-based cell-separation” procedure. It mentions the pre-
preparation of the lipoaspirate for further use.

US patent application no. 20130034524 describes the generally known protocol for
cell isolation using centrifugation, enzymatic digestion, etc. It does not interfere with
the invention presented, for the above patent application refers to “cell enrichment or
concentration™ not to cell isolation or separation. This means as well that the above
patent applied for is not about an affinity-based separation method; also, the yields
are substantially lower than the yields of the invention presented, especially because
even after centrifugation they still obtain a “mixture of cells”.

The above mentioned deficiencies of the state-of-the-art technologies are solved by a

membrane and a separation process according to the invention.

Within the context of this application, the term “stem cells” defines cells with a great
(theoretically infinite) ability of population self-renewal (meaning they can divide in
such a way that more cells of the same type are formed), which can be differentiated
into at least one other cell type, thus having the ability to repopulate or regenerate
(various) tissues after transplantation. At the molecular level, these cells express the
so-called stem cell markers, such as surface antigens characteristic for stem cells.
Depending on the biological sample, stem cells contained therein express
characteristic surface antigens. For example, hematopoietic stem cells isolated from
peripheral or umbilical-cord blood express among other CD34 surface antigens,
whereas mesenchymal stem cells isolated from adipose tissue express CD90 surface

antigens.
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The term “target stem cell” means stem cells expressing characteristic surface
antigens that bind to selected target molecules.

The term “target molecule” refers to a molecule that recognizes the characteristic
antigen on the surface of the target stem cell, and can bind onto this characteristic
antigen. In the process, The target molecule should not affect the target stem cell
itself, that is for example its differentiation, or forcing it to divide, and, when used,
should not affect the secretion of any substances that could induce momentary
(acute) or long-term (chronic) negative impacts on the patient or influence the
characteristics (genotype, epigenetic or phenotype) of target stem cells. Preferentially,
a target molecule is the entire antibody or part of the antibody that recognizes the
characteristic antigen on the surface of the target stem cell (e.g. region F¢, region Fap,
aptamer) and enables specific binding to the characteristic antigen. Preferentially,
these are antibodies that recognize the following antigens: CD90, CD146, CD44,
CD73, CD105, CD34, STRO-1, STRO-3, etc.

The biological sample for the separation of target stem cells can be any human and
animal organs, tissues, and fluids that include such cells and are taken from living or
dead donors. These are above all, but not limited to: subcutaneous adipose tissue
obtained by lipoaspiration or surgical removal; bone marrow obtained by puncture;
non-mobilized peripheral blood and peripheral blood after mobilization of bone
marrow obtained by venipuncture or apheresis; endometrium, obtained by biopsy of
the uterus; menstrual blood; umbilical-cord tissue, Wharton'’s jelly and umbilical-cord
blood obtained after/during birth; amniotic fluid obtained by amniocentesis or during
birth by caesarean section; amniotic membrane obtained after birth; tooth pulp,
obtained from teeth.

The term “functionalized nanoparticle” refers to a nanoparticle with surface functional
groups (e.g. NHz, OH, COOH, SH, etc.) on its surface, enabling the binding to the 3D
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carrier structure of the membrane and/or the binding of target molecules onto the
surface of the functionalized nanoparticle.

The term “biofunctionalized nanoparticle” refers to functionalized nanoparticle having
already bound target molecules or parts thereof on its surface that recognize the
characteristic antigen on the surface of target stem cell, and can bind to this

characteristic antigen.

Functionalized nanoparticles can be inorganic, organic, hybrid, composite, magnetic
or combinations thereof; and consist of metals and/or their alloys and/or metal oxides
and/or polymers or any combination of the above basic materials featuring surface
functional groups (e.g. NHz, OH, COOH, SH, etc.). In one embodiment, functionalized
nanoparticles are hybrid inorganic-organic nanoparticles. Preferentially, functionalized
nanoparticles are for example nanoparticles of metal alloys (e.g. NiCu -
nickel/copper) enclosed by a layer of silica (SiO) having surface functional groups on
the surface. Functionalized nanoparticles can also be metal oxides (e.g. FexO3 or
Fe;0.), equally enclosed by a layer of silica, and having surface functional groups on
the surface. Preferentially, the thickness of the silica layer ranges from a couple of
nanometers up to several tens of nanometers. In another embodiment, functionalized
nanoparticles are nanoparticles based on silica (chemically SiO;) prepared from
various siloxane-based precursors (e.g. (3-Aminopropyl) triethoxysilane-APTES, vinyl
triethoxy silane-VTES, (3-Mercaptopropyl) triethoxysilane-MPTES...), which can also
ensure the presence of the desired functional groups on their surface, namely in situ,
already during the synthesis of these nanoparticles. In yet another embodiment,
functionalized nanoparticles are polysaccharide-based nanoparticles (e.g. chitosan,
carboxymethyl cellulose, alginate, etc.). Their basic structure already includes the
desired preferential functional groups (e.g. NH, OH, COOH, etc.) ensuring a similar
function as the other exposed functionalized nanoparticle examples. Another
embodiment refers to nanoparticle synthesis based on other synthetic polymers (e.g.
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dendrimers, derivatives of methacrylates, polyethylenimine, etc.), also including the
desired functional groups (e.g. NH,, OH, COOH, SH etc.) in their basic structure, thus
also satisfying the initial definition of functionalized nanoparticles. The nanoparticle
synthesis can be carried out using the sol-gel method, emulsion techniques, or any
other synthesis procedure enabling the preparation of nanoparticles that satisfy the
definition of a functionalized nanoparticle consisting of the above mentioned and

other basic materials.

The input single-cell suspension is a suspension of individual cells and minor cell
clusters, prepared from a biological sample in a physiological buffer, i.e. a buffer
enabling the preservation of cells in physiological conditions. Such buffers are for
example saline solution, culture medium, 1xPBS (phosphate buffered saline) and
other similar solutions. Thereby, the input suspension of cells comprises target stem
cells as well as other, non-target cells, i.e. the rest of tissue cells, non-target stem
cells, cellular debris, and other components (e.g. blood plasma, intercellular liquid,

extracellular matrix) that can be present in a biological sample.

The term “membrane activation” means binding of target molecules, which recognize
and bind characteristic antigens on the surface of target stem cells, onto/into the 3D
carrier structure of the membrane. Membrane activation can be performed through
the inclusion of target molecules using any chemical, physicochemical, or physical
method. This includes but is not limited to the inclusion of functionalized nanoparticles
into the carrier structure of the membrane and the subsequent binding of target
molecules to said nanopatrticles the integration of biofunctionalized nanoparticles into
the carrier structure of the membrane or direct binding of target molecules to the

carrier structure of the membrane.
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Detailed description of the invention

The invention is described below and presented with embodiments and in the figure.

Figure 1 shows an exchangeable cassette, the constituent part of the device for
separation of stem cells from biological samples, including the membrane according

to the invention.

The membrane according to the invention consists of a 3D carrier structure with
included target molecules on the surface and/or in the pores of said carrier structure.
Said carrier structure is made of at least one layer of a biocompatible polymer of
structured or unstructured geometry, with pores of a diameter between 50 to 500 um,
having on its surface and/or in the pores covalently bound target molecules, which
recognize and bind characteristic antigens on the surface of the target stem cells.
Thereby, target stem cells are caught onto the membrane whereas non-target cells

pass through the membrane or can be rinsed off the membrane surface.

Structured geometry of the individual layer of the carrier structure means that in each
individual layer the shape, size and distribution of the pores are uniform throughout
the layer. The layer itself can be defined during the production procedure, which can
be controlled. Unstructured geometry means that in each individual layer the shape,
size and distribution of the pores are coincidental and cannot be influenced during the
production. The geometry of the individual layer of the carrier structure depends on
the membrane production process used. For example when using 3D printing the
geometry of the individual layer of the carrier structure will be structured whereas
when using electrospinning the geometry of the individual layer will be for the most
part unstructured or coincidental, which is a characteristic of this method.

Suitable biocompatible polymer can be hydrophobic or hydrophilic. Preferentially, it is
hydrophobic; it should not bind target stem cells; it should be inert towards the target
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stem cells (meaning that it should not influence their essential characteristics, such as
differentiation status and potential, proliferation status and potential, expression of
surface antigens); during usage it should not enhance the secretion and/or
occurrence of any substances that would have short- or long-term negative impacts
on the patient being treated with such cells; it should enable sterilization without
changing the polymer characteristics; preferably it should not bind thrombocytes or
erythrocytes; it should exhibit specific physicochemical and mechanical
characteristics important for producing the membrane, such as adequate viscosity,
pKa value, printability, surface tension, etc. Suitable biocompatible polymers include,
but are not limited to various woven and nonwoven natural materials, e.g. derivatives
of polysaccharides— alginate (ALG), carboxymethyl cellulose (CMC), viscose (VIS),
silk, collagen, nanofibrillated cellulose (NFC), etc. and combinations thereof, semi-
synthetic materials like chitosan (CHI) with derivatives, cellulose and other derivatives
as well as combinations thereof; and synthetic materials, e.g. polycaprolactone (PCL),
polyethylene terephthalate (PET), polybuthylene terephthalate (PBT), polypropylene
(PP), polyhydroxyethylmethacrylate (PHEMA), poly(N-(2-
hydroxypropyl)methacrylamide) (PHPMA), polyvinyl alcohol (PVA), polyethylene oxide
(PEOX), various dendrimers, e.g. polyamidoamine (PAMAM), polyethylenimine (PEI)
etc., and combinations thereof.

Preferentially, biocompatible polymers are selected from PCL, CMC, CHI, ALG, PET,
PEOX, and PHEMA/PHPMA. This does not exclude other biocompatible polymers or
combinations thereof.

The selection of a biocompatible polymer for the production of the carrier structure
itself can ensure the carrier structure to feature functional groups on the surface
and/or in the pores (e.g. NH,, OH, COOH, SH, etc.).
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When the carrier structure is formed of several layers of structured and/or
unstructured geometry, the individual layers can be prepared from the same or
different biocompatible polymers, and the geometry of the individual layers, that is,
the shape, size and distribution of the pores in the individual layer, can be the same
or different.

The geometry of the individual layer is determined in such a way that while target
stem cells bind to the surface and/or in the pores of the membrane as many non-
target cells as possible pass through the membrane. Preferably, the pore diameter is

in the range of between 100 and 200um.

Optionally, functionalized nanoparticles can be “in situ” covalently (or in another way
using any chemical, physicochemical or physical method) bound onto/into the carrier
structure composed of the biocompatible polymer, i.e. on the surface or/and in the
pores of said carrier structure. Functionalized nanoparticles can be integrated
into/onto the carrier structure merely “mechanically”, i.e. using no special bonds or
interactions with the carrier structure (or are just caught onto/into it). To the
functionalized nanoparticles target molecules are covalently bound via the surface

functional groups that is via active sites of functionalized nanoparticles.

During the membrane production process, i.e. “in situ”, biofunctionalized
nanoparticles, i.e. functionalized nanoparticles with bound target molecules, can be

already integrated in the carrier structure.

According to the invention, various biomedical engineering procedures, such as 3D
printing (e.g. extrusion, laser, etc. and combinations thereof), casting, electrospinning,
weaving from processed or unprocessed infinite fibers and other techniques as well
as combinations thereof can be used for producing membranes. Other techniques
can also be used, e.g. polymer blending, whereby the chosen morphology is ensured
by selective removal of desired polymer components (one or many) by exploiting their

different melting points. Among other possible membrane-production techniques there
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is also the sintering of beads (round shaped particles) of various sizes (e.g.
polystyrene beads or silica micro-spheres), followed by coating them with a polymer;
when the sintered part is removed, what remains is the membrane structure of a
desired porosity (on one or more levels), consisting entirely of the polymer. However,
other techniques or combinations thereof ensuring the above membrane

characteristics can be used for membrane preparation.

Preferentially, the 3D printing technique is used to produce a membrane with
structured or “calculatedly” unstructured geometry. For this purpose, it is best to use
an extrusion-based 3D printer, which extrudes the polymer or hydrogels by
heating/melting and mechanical extrusion. Combinations of all techniques are
possible. The 3D printer can simultaneously enable accurate (up to picolitres)
pipetting of the chosen active molecules’ solution/suspension onto predefined spots
on the membrane structure, which represents another method of ensuring desired
membrane activation. In addition, the inner structure of the individual extruded
filaments can be carried out in a form of tunnels or two/more-layer filaments (i.e.
core/shell printing), which enables additional control over chemical, physicochemical
and mechanical membrane characteristics as well as control of membrane

characteristics in its active or inactive state.

The second preferential method is electrospinning serving to produce membranes
with unstructured or partially structured geometry (resulting macro-materials can
always be similar, if desired). Using this method, we can prepare thin layers
consisting of multiple sublayers, which can be assembled into a membrane of
optional thickness. At the same time, electrospinning can be used to change the
surface characteristics of the printed 3D membrane (e.g. enlargement of its specific
surface area), the micro- and nano-characteristics of the membrane (e.g. local
addition of functional groups featuring electrospun fibers etc.) or even the membrane
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activation (e.g. if the electrospinning formulation includes biofunctionalized

nanoparticles or otherwise integrated target molecules).

The third preferential membrane production technique is the preparation of woven
textiles with structured micro-geometry as well as structured or unstructured micro-
and nano-geometry. These are made of infinite fibers or preselected polymers. The
latter can be additionally processed using the electrospinning method enabling

additional membrane characteristics.

The above processes enable the production of the carrier structure of the membrane
from a biocompatible polymer, to which subsequently target molecules are bound.
The above processes also enable the production of the carrier structure of the
membrane from a biocompatible polymer with already integrated functionalized
nanoparticles, to which subsequently target molecules are bound. The above
processes enable the production of the carrier structure of the membrane from a
biocompatible polymer with already integrated biofunctionalized nanoparticles, as is

described below in more details.

Membrane activation or biofunctionalization can be performed directly onto the 3D
carrier structure. In this case, the surface of the carrier structure is chemically
processed using known methods, e.g. the so called carbodiimide method (CDI) using
the reagent 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) which leads to
creating amide bonds under “milder conditions”, thus obtaining active sites on the
surface and in the pores of the carrier structure of the membrane, i.e. covalently
bound surface functional groups, to which target molecules (e.g. antibodies, parts
thereof, aptamers) covalently bind without or with a minimum influence on their
activity. EDC is a water-soluble carbodiimide additionally facilitating covalent binding

of active molecules onto the membrane.
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The general procedure of such activation includes a reaction in a water medium, into
which, besides the reagent EDC, target molecules that we desire to bind (e.g.
antibodies), membrane structure and buffer are added. After approx. 30 minutes, a
membrane with still active antibodies bound to the carrier structure is obtained, i.e. a
membrane able to perform affinity binding of target stem cells which express antigens
which recognize antibodies (or target molecules) bound into/onto membrane during

the above described process.

Membrane activation can be performed using functionalized nanoparticles, which can
be either bound (e.g. covalently) or non-bound (i.e. just “caught”) onto/into the carrier
structure of the membrane, meaning “in sity” into a biocompatible polymer, whereby
the surface functional groups serve as anchoring points or active sites for the binding
of target molecules, which recognize and bind characteristic antigens bound to the
surface of the target stem cells, onto the surface of functionalized nanoparticles.

If membrane activation is performed using functionalized nanoparticles, the
functionalized nanoparticles (with corresponding functional groups or active sites for
binding onto the carrier structure of the membrane and for binding of target molecules
which recognize and bind characteristic antigens bound on the surface of the stem
cells) are pre-prepared using known methods, e.g. CDI or the amine-reactive cross
linker method. The CDI method is primarily used for the activation of carboxyl and
phosphate functional groups, the other method mentioned is primarily used for the
activation of amine functional groups. The methods can be used simultaneously.

Membrane activation can be performed using functionalized nanoparticles, when the
carrier structure of the membrane with integrated functionalized nanoparticles has
already been produced in accordance with one of the above described procedures. In
this case, the pre-prepared functionalized nanoparticles, which are prepared in
accordance with one of the above described processes, are first integrated into the
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carrier structure of the membrane according to one of the above described
procedures during the production of the carrier structure. Thereby, the functionalized
nanoparticles are either “in situ” integrated or chemically bound to the carrier
structure, on its surface or in the pores. Functionalized nanoparticles integrated into
the carrier structure feature on their surface the above mentioned functional groups
(e.g. NHz, OH, COOH, SH, etc.) which then serve to perform the same chemical
binding processes of target molecules (e.g. CDI method) to said functional groups
and hence on the carrier structure. Thereupon, membrane activation follows, i.e. the
binding of target molecules which recognize and bind characteristic antigens bound to
the surface of stem cells onto the surface of functionalized nanoparticles, by for

example following the above membrane activation procedure.

In order to increase the number of active sites on the surface and/or in the pores of
the carrier structure with integrated functionalized nanoparticles for the binding of
target molecules, the surface of the carrier structure can optionally be processed
mechanically (e.g. by grinding, cutting, removing the upper layer of the carrier
structure up to the thickness of ~um) or in another way (e.g. etching). This enables
the exposure of a larger quantity of functionalized nanopatrticles on the surface or in
the pores of the carrier structure, which enhances the efficiency of binding target
molecules onto the carrier structure, meaning a larger number of target molecules per

membrane surface/volume unit is obtained.

Optionally, the necessary active sites on the surface and/or in the pores of the carrier
structure of the membrane for the binding of target molecules — especially in case of
woven or electrospun membranes — can be obtained using oxygen plasma ensuring
hydrophilicity of the surface and the presence of OH-, COOH- groups on the surface
and/or in the pores of the carrier structure; or using nitrogen plasma (or ammonium
plasma) ensuring hydrophilicity of the surface and the presence of NH> functional

groups on the surface and/or in the pores of the carrier structure; or using fluoride
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plasma (or HF) optimizing the hydrophobicity of the carrier structure. Plasma
processed surfaces enable the use of the above activation methods as well as further
steps of biofunctionalization. For the needs of additional processing of the carrier
structure of the membrane, individual plasma processing methods can be repeated or

combined.

Membrane activation using functionalized nanoparticles can also be performed prior
the membrane preparation, namely in the case, when the membrane is produced
using 3D printing, whereby pre-prepared biofunctionalized nanoparticles already
featuring target molecules bound to their surface functional groups are added to the
melt of the selected biocompatible polymer »in situ«, which is followed by membrane
production according to one of the above procedures. Thereby, the biofunctionalized
nanoparticles with already bound target molecules are integrated into the 3D

membrane structure during its production procedure.

In a preferred embodiment the membrane is carried out as a 3D carrier structure
consisting of several layers with structured geometry and with pore sizes ranging from
100 to 200um. Individual layers of the carrier structure are composed of the same
biocompatible polymer and membrane activation is performed using functionalized

nanoparticles.

Preferentially, the membrane according to invention is produced using the method of
3D printing (bioprinting). The selected biocompatible polymer is melted, and to the
melt pre-prepared functionalized nanoparticles with surface functional groups are
added “in situ”; upon this the 3D membrane structure with structured geometry is
produced via 3D printing, whereby functionalized nanoparticles are integrated into the
3D carrier structure of the membrane. Thus produced 3D carrier structure of the
membrane is then activated via functionalized nanoparticles with corresponding target
molecules, i.e. selected target molecules bind to the functional groups on
nanoparticles that is on the carrier structure of the membrane (thus biofunctionalized
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nanoparticles in the membrane are obtained). This is how the membrane according to

invention is produced.

The membrane according to invention is used in the process for separation/isolation
of target stem cells from a biological sample, whereby sterile target stem cells in a
physiological buffer with a known cell population size and viability are obtained.

Before entering the membrane, the biological sample is accordingly pre-prepared, i.e.
preparing the input single-cell suspension , whereby the adequate size of individual
cells in the suspension and the adequate suspension density is ensured.

The preparation of the input single-cell suspension includes known processes for
biological sample disintegration and mechanical filtering. The biological sample
disintegration processes include, but are not limited to mechanical treatment (e.g.,
maceration, cutting, scraping, centrifugation), chemical treatment (e.g., treatment with
Erythrocyte Lysis Buffer, addition of anticoagulants), enzymatic treatment (e.g. use of
collagenase, hyaluronidase, trypsin or combinations thereof), and/or a combination

thereof.

Optionally, a step for the erythrocyte removal, for example by using erythrocyte lysis
buffer, density-gradient centrifugation, labelled magnetic beads, a method referred to
as “buoyant” separation or other known techniques can be added to the preparation
of the input single-cell suspension, in particular when the suspension is obtained from
the blood and/or from biological samples rich in blood.

The next step in the process is mechanical filtration as a preliminary method for
separating particles (cells) from the selected biological sample based not only on the
pore size of the filter (particles smaller than the filter pores permeate through the
filter), but also on the chemical composition of the filter material. For example, certain
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substances adhere to the material, from which the selected filter is made of, more
than others. Mechanical filtration includes mesh filters of different porosity (e.g., from
10 to 100pm), which are used as single units or in a cascade of successive filters with
a decreasing pore size. The chemical composition of the filters may include (but is not
limited to) nylon, cellulose acetate, polylactic acid, polyglycolic acid, polyethylene
terephthalate, polypropylene, polycaprolactone, provided the mesh filter material does

not bind targeted stem cells.

If cascading filters are used, the individual filters in the cascade can be made of
different materials. Filters can be comprised of commercially available filters (e.g.
Corning® Cell Strainer) and/or in-house developed 3D printed filters or filters
produced by means of other techniques and combinations thereof for this purpose.
With this pre-preparation of the biological sample, the input single-cell suspension is
obtained, whereby the size of individual cells and/or any potential smaller cell clusters
in the suspension does not exceed the pore size of the individual membrane in at
least two dimensions, and the density of the input suspension of cells is maintained
below 2x108 cell/mL, preferably between 1x10° and 1x10 cells/mL.

The appropriate density of the input single-cell suspension is achieved by adding
physiological buffer (to achieve dilution) or by increasing the amount of cells in the
suspension (through concentration), if necessary. The supply of the input cell
suspension to the membrane is controlled automatically. The cell counter (in bio-
impedance mode) detects the number of cells approaching the membrane and
maintains the input cell suspension density below 2x10® cells/mL by supplying or

removing the physiological buffer automatically.

The size of cells and/or any smaller cell clusters in the suspension should not exceed
the membrane pore size. The preferred size of individual cells and/or any smaller cell
clusters in the suspension in at least two dimensions should not exceed 70um.
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The separation of the target stem cells from the input material, i.e. the biological
sample, is carried out on the basis of the free flow of the input single-cell suspension
through at least one membrane.. During this process, target stem cells are captured
on the membrane surface and in the membrane pores due to the specific recognition
and binding between the characteristic antigens on the target stem cell surface and
target molecules, i.e. antibodies or fragments of antibodiesagainst said characteristic
antigens, bound to the membrane. The transition of other non-target cells through the
membrane is not hindered (or it is only slightly impeded, for example due to the
increased number of bound target stem cells, resulting in reduced effective
membrane porosity).

A single membrane can be used to separate target stem cells. However, cells can be
also separated using several membranes in a cascade, whereby each subsequent

membrane in the cascade has the same or smaller pore dimensions.

The separation process additionally enables multiple filtration of the cell suspension
through the membrane / membranes, thereby increasing the efficiency.

Depending on the end-use purpose, target stem cells can be removed from the
membrane by one of the below described methods or the membrane together with
target stem cells can be used. In the latter case, for example, the membrane can be
used as tissue filler to be implanted into the patient experiencing a major trauma. After
being placed in a native environment, the membrane-bound stem cells differentiate
into desired surrounding tissues and effectively contribute to the regeneration of one
or more surrounding tissues. The membrane with bound target stem cells can also be
used as a growth substrate to multiply these cells for applying them in a desired way
(e.g., in therapy, etc.). Another way of using the membrane with captured target stem
cells is to differentiate the cells into an appropriate tissue by means of external stimuli
(e.g. by adding selected growth factors to the growth medium or other stimuli). — The

selection of tissue is, however, limited by the type of captured target stem cells. In this
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way, a bone segment, for example, can be obtained to be implanted in the patient.
These are just a few examples, but there are many more other possibilities of using
the membrane with captured target stem cells directly.

The processes for removing target stem cells from the membrane include, but are not
limited to: physical/mechanical processes (e.g., pressure variation; increase/
decrease of pressure), physicochemical processes (e.g., ionic strength variation by
adding salt, buffers, ultra-pure water rinsing, etc.), biochemical processes (e.g., the
use of enzymes, such as peptidases that cleave the bound between membrane and
antibodies), chemical processes (e.g., the reduction of disulfide bonds to thiol
groups), and affinity processes (e.g. by adding compounds with a greater affinity to
the selected active functionalization surface (e.g., antibodies) than cells (which are
relatively "large" particles) and other processes and combinations thereof. These
procedures for removing target stem cells from the membrane can be used:
individually, as a combination of the above-mentioned procedures, as cascade
systems of the same or different procedures with any number of further repetitions.
Preferential separation procedures minimize the stress and reduce the impact on
separated target stem cells to be removed from the membrane, e.g., a process that
applies appropriate pressure difference intervals. The selected removal procedures
differ according to the properties of the selected membrane, functionalized (or
biofunctionalized) nanoparticles, target molecules, and target stem cells.
Consequently, in various selected methods/processes of isolating target stem cells
from biological samples various removal procedures or combinations thereof can be

applied.

The device for separation of target stem cells from a biological sample, i.e. from a
single-cell suspension, consists of a housing in which electronic and mechanical
components with appropriate regulation are fitted and of an exchangeable cassette.
In the electronic part all electronic components necessary for the operation of the
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device are included, such as an uninterruptible UPS power supply system, sensors
for measuring flow rate and temperature in order to ensure and monitor flows and
optimal temperature of 37°C suitable for working with biomaterials (said temperature
can be adjusted, if necessary), a cell counter, analogue digital converters, electrical
converters and the like. In the mechanical part of the device all the mechanical
components necessary for the operation of the device are included, such as valve
systems, pumps and/or a compressor, opening and closing tracks to insert the
exchangeable cassette, fittings to attach the exchangeable cassette to the housing,
and a fluid system connection for the exchangeable cassette based on a quick
couplings for an easy cassette replacement. The regulation part ensures proper
device regulation, thus ensuring optimum device operating conditions, for
exampleadequate regulation of temperature, proper flow regulation to ensure desired

concentrations of the input cell suspension.

Optionally, a cleaning cassette can be included in the device to enable self-cleaning,
especially when irreplaceable parts are in contact with biological material. The
cleaning of the device is applied automatically in accordance with the relevant
protocol.

The exchangeable cassette which is presented in figure 1, comprises a container FC
for the input single-cell suspension prepared from a biological sample, a mixing
chamber MIX to ensure input suspension density below 2x108 cell/mL by adding, if
necessary, physiological buffer from the PBS container, at least one membrane AM of
the invention, a waste container W and a collector SC to collect the target stem cell
suspension. VVR control valves connected to a single pumping compressor unit in
the device ensure proper supply of fluids or suspensions. The exchangeable cassette

can be inserted into the device either from the top or from the front.

Raw input material, i.e. the input single-cell suspension can be inserted in the
exchangeable cassette located in the container FC as an injection needle or with any
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other aseptic transportation and storage technique. Adequate density of input single-
cell suspension is ensured in the mixing chamber MIX by supplying physiological
buffer from the PBS container, if necessary.

The single-cell suspension is then delivered to the membrane AM and the separation
of the target stem cells from the input suspension occurs on the basis of the free flow
of the input single-cell suspension passing through at least one membrane AM. The
target stem cells are bound to the membrane AM, while all non-target cells pass
through the membrane AM or are being removed from the membrane surface by
rinsing as a residual suspension into the waste container W. Target stem cells are
removed from the membrane AM using physiological buffer under pressure supplied
from the PBS container through a feedback loop. The resulting suspension of sterile
target stem cells in the physiological buffer is collected in the SC collector. This target
stem cells suspension can either be immediately applied to the patient or used

subsequently for various purposes.

The delivery of the input single-cell suspension to the membrane AM is regulated
automatically. The cell counter detects the number of cells reaching the membrane
and maintains the density of the input single-cell suspension below 2x108 cells/mL by
automatically supplying the physiological buffer from the PBS container.

In the preferred embodiment the cell counter is based on bioimpedance, i.e. two
electrodes of any material (silver, etc.) that detect changes in the electrical resistance.
The cell counter is installed in two different positions, as follows: at the site before the
input single-cell suspension reaches the AM membrane and before the sterile target
stem cell suspension in the physiological buffer reaches the collector container SC.
An important part of cell counting is their live/dead characterization using a
bioimpedance technique to measure the membrane conductivity AM (dead cells have
altered conductivity, because of the spilled cytosol) or viability stain, whereby a small
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sample of cells from the collector container SC is collected online and tested for living
cells.

All sensors in the device are connected to the main computer equipped with a
touchscreen and user interface (Ul). The device can be connected to the Internet via
the main computer and the LAN port. The device can be set up either in a hospital

setting, private outpatient clinic, or various research institutes.

The end product of the separation process obtained by the method and the device
according to the invention are sterile target stem cells in physiological buffer (as
defined in this application) with a known cellular population size (number of isolated
cells) and with a known cell viability (live/dead cell ratio).

The end product is intended for use in medical and/or research environments. In
particular (but not excluding other possible applications) the following application are
possible: direct autologous and allogeneic cell transplantation in patients,
experimental or affected animals; cultivation, propagation and cell differentiation in in
vitro cultures; direct cryopreservation of cells without cultivation for subsequent use;

further separation of cell (sub-) populations using other markers.

Embodiments

Membrane production

The membrane is made with 3D printing technology. First, a carrier 3D structure of the
membrane is madewhich consists of ten layers with 100um pores of polycaprolactone
with integrated functionalized nanoparticles of NiCu enclosed by a layer of silicawith
NHz functional groups on the surface. Prior to activation (i.e. binding of target
molecules), this carrier structure of the membrane undergoes the process of grinding.
As a result, more nanoparticles with functional groups are exposed. Separately, a
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solution of antibodies against CD90 and EDC is prepared, thus activated antibodies
are obtained to be bound to the carrier structure of the membrane. The carrier
structure is immersed in the activated antibody solution. In about thirty minutes, the
antibodies bind to the carrier structure of the membrane, i.e. to the NH; functional
groups. After that, the membrane is rinsed 3-times using deionized water. Now, the
membrane is activated and ready to separate target stem cells, in this specific case,

stem cells with expressed CD90 antigens.
The procedure for separating target stem cells from a biological sample

Example 1

CD34" hematopoietic stem cell preparation from the bone marrow of a healthy donor
for transplantation into a leukemia patient after chemotherapy

A biological sample for the preparation of cells is peripheral blood collected using
apheresis following a bone marrow mobilization. The input single-cell suspension is
prepared as “buffy coat” — the fraction of a blood sample generated by density
gradient centrifugation to remove erythrocytes and blood serum by additional rinsing
in 1xPBS.

The final single-cell suspension is prepared in 1xPBS buffer in an injection. Using an
injection needle, the input suspension is applied to a cassette with a 70um
mechanical filter to remove any major cell clusters and a membrane with bound target
molecules which recognize and bind the surface antigen CD34 that is expressed on
the hematopoietic stem cells.

The regulator of the flow on the membrane ensures optimum dosage of the
physiological fluid or buffer to prevent the system from clogging. Once all the non-
target cells are collected in the waste container, the efficiency feedback loop ensures
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that the same solution is re-filtered to capture cells that remained non-bound to the

membrane.

The next step includes rinsing of non-target or non-bound cells from the membrane.
This is done in a separate feedback loop (not connected to the waste container) using
physiological solution or buffer under pressure (e.g. 1 bar or more). Target cells are
rinsed and collected in a separate container at the bottom of the device. Rinsed and

selected cells are suitable for direct application.

The end product is a sterile CD34* hematopoietic stem cells suspension suitable for
application in patients.

Example 2

CD90" (mesenchymal stem cell) preparation for autologous transplantation

A tumescent lipoaspirate of subcutaneous fat is used as biological sample for the
preparation of cells. The input single-cell suspensionis prepared as a stromal vascular
fraction (SVF) in accordance with known methods in the following order: rinsing of the
lipoaspirate in 1xPBS (erythrocyte and blood serum removal), enzymatic digestion
using a collagenase la (degradation of intercellular bonds), gradient centrifugation
and shaking (final separation of SVF cells and adipocytes), and the removal of
adipocytes by pipetting. The final input single-cell suspension is prepared in 1xPBS
buffer in an injection.

Using an injection needle, the input suspension is applied to a cassette with a 70um
mechanical filter to remove any major cell clusters and a membrane with bound target
molecules which recognize and bind the surface antigen CD90 that is expressed on

the mesenchymal stem cells from subcutaneous fat.
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The regulator of the flow on the membrane ensures optimum dosage of physiological
fluid or buffer to prevent the system from clogging. Once all the non-target cells are
collected in the waste container, the efficiency feedback loop ensures that the same
solution is re-filtered to capture cells that remained non-bound to the membrane.

The next step includes rinsing of non-target or non-bound cells from the membrane.
This is done in a separate feedback loop (not connected to the waste container) using
physiological solution or buffer under pressure (e.g. 1 bar or more). Target cells are
rinsed and collected in a separate container at the bottom of the device. Rinsed and

selected cells are suitable for direct application.

The end product is a sterile CD90" mesenchymal stem cell suspension suitable for
application in patients to treat various medical conditions (orthopedics, cardiology,
plastic and reconstructive surgery, stomatology, urology, oncology).

A case of using the single-cell suspension in orthopedics: the obtained CD90*
mesenchymal stem cell suspension is applied directly into the joint space (intra-

articular injection) of a joint with surface cartilage damage.

A case of using the single-cell suspension in stomatology: following a tooth extraction,
an extensive bone resorption in the jaw occurs. Often this constitutes an obstacle to
find an aesthetically appropriate prosthetic solution for the affected jaw and tooth
replacement. The optimal solution for the reconstruction of the missing part of the jaw
is by using mesenchymal stem cells. In order to ensure a space for bone growth, the
existing void must be protected from being overgrown by periosteum. Usually, a
titanium mesh is used; however, a 3D printed mesh made of biocompatible material is
even better. Stem cells can now be applied to this pre-prepared space. Due to the
activity of platelet-derived growth factors, stem cells begin to differentiate into
osteoblasts (young bone cells), and, finally, to osteocytes (adult bone cells). Over a
few months, the bone defect is bridged with a healthy native tissue.
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Patent claims:

1. A membrane for separation of target stem cells from a single-cell suspension
containing stem cells, whereby said single-cell suspension is obtained from a
biological sample containing stem cells, wherein the membrane consists of a
3D carrier structure with integrated target molecules on the surface and/or in
the pores of said carrier structure, whereby said carrier structure is made of at
least one layer of a biocompatible polymer with pores with a diameter in the
range from 50 to 500 um and wherein said carrier structure has on its surface
and/or in the pores covalently bound target molecules which recognize and
bind characteristic antigens on the surface of target stem cells.

2. The membrane according to claim 1, wherein each individual layer of the
carrier structure is either of a structured geometry with a shape, size and
distribution of the pores uniform throughout the layer or of an unstructured
geometry with a shape, size and distribution of the pores coincidental
throughout the layer.

3. The membrane according to claims 1 and 2, wherein when the carrier structure
is formed of several layers of structured or unstructured geometry, the
individual layers are prepared from the same or different biocompatible
polymers and the geometry of individual layers is the same or different.

4. The membrane according to previous claims, wherein the pore diameter in the
individual layer is in the range of between 100 and 200um.

5. The membrane according to previous claims, wherein the membrane
additionally includes functionalized nanoparticles integrated into/onto the
membrane structure, i.e. »in situ« into a biocompatible polymer from which the
carrier structure is made, whereby target molecules are covalently bound onto
the functionalized nanoparticles via their surface functional groups, i.e. active

sites on the functionalized nanoparticles.
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6. The membrane according to previous claims, wherein the membrane is carried
out as a 3D carrier structure made of several layers of biocompatible polymer
wherein each individual layer is of the structured geometry with pores with the
diameter in the range from 100 to 200um and whereby the individual layers of
the carrier structure are made of the same biocompatible polymer with
integrated functionalized nanoparticles to which target molecules are
covalently bound via the surface functional groups.

7. The membrane according to previous claims, wherein biocompatible polymers
include, but are not limited to various woven and nonwoven natural materials,
for example derivatives of polysaccharides — alginate (ALG), carboxymethyl
cellulose (CMC), viscose (VIS), silk, collagen, nanofibrillated cellulose (NFC)
and others and combinations thereof, to semisynthetic materials like chitosan
(CHI) with derivatives, cellulose and other derivatives as well as combinations
thereof, and to synthetic materials, for example polycaprolactone (PCL),
polyethylene terephthalate (PET), polybuthylene terephthalate (PBT),
polypropylene (PP), polyhydroxyethylmethacrylate (PHEMA), poly(N-(2-
hydroxypropyl) methacrylamide) (PHPMA), polyvinyl alcohol (PVA),
polyethylene oxide (PEOX), to various dendrimers, for example
polyamidoamine (PAMAM), polyethylenimine (PEIl) and others and
combinations thereof, preferably biocompatible polymers are selected from
PCL, CMC, HIT, ALG, PET, PEOX and PHEMA/PHPMA.

8. The membrane according to previous claims, wherein said target molecule is
an entire antibody or part of the antibody that recognizes the characteristic
antigen on the surface of the target stem cell and enables specific binding to
the characteristic antigen, preferably, these are antibodies that recognize the
following antigens: CD90, CD146, CD44, CD73, CD105, CD34, STRO-1,
STRO-3, etc.

9. The membrane according to previous claims, wherein functionalized

nanoparticles are inorganic, organic, hybrid, composite, magnetic or
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combinations thereof; and consist of metals or their alloys and/or metal oxides
and/or polymers or any combination of the above basic materials and have on
their surface functional groups, for example NH,, OH, COOH, SH.

10.The membrane according to previous claims, wherein the membrane includes

11.

a 3D carrier structure consisting of ten layers with structured geometry and
made of polycaprolactone with the pore sizes of approximately 100pum and with
integrated functionalized nanoparticles of NiCu enclosed by a layer of silica
with NH functional groups on the surface onto which the target molecules are
bound.

A process for the production of a membrane wherein said process comprises
the following phases:

- pre-preparation of functionalized nanoparticles which have functional groups
on their surface for binding the target molecules which recognize and bind
characteristic antigens bound to the surface of the stem cells;

- integration of pre-prepared functionalized nanoparticles into/onto the carrier
structure made of a biocompatible polymer during the membrane production
process whereby functionalized nanoparticles are “in situ” integrated or
chemically bound into the volume, surface and/or the pores of the carrier

structure ;

membrane activation, whereby the carrier structure with integrated
functionalized nanoparticles is immersed into a solution of target molecules
whereby target molecules bind to the above functional groups of functionalized

nanoparticles.

12.The process according to claim 11, wherein the integration of pre-prepared

functionalized nanoparticles into the carrier structure includes melting of the
biocompatible polymer, adding previously “in situ” prepared functionalized

nanoparticles with surface functional groups to the melt which is followed by
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the production of the carrier structure, during which the functionalized
nanoparticles are integrated into the membrane structure.

13.The process according to claims 11 and 12, wherein the carrier structure is
produced using 3D printing or electrospinning or weaving of processed or
unprocessed infinite fibers or combinations thereof.

14.The process according to claims 11 to 13, wherein the process optionally
includes additional processing of the surface of the carrier structure with
integrated functionalized nanoparticles to increase the number of active sites
on the surface and/or in the pores of the carrier structure, whereby said
additional surface processing include mechanical, chemical or plasma
processing.

15.The process according to claims 11 to 14, whereby the membrane activation
through functionalized nanoparticles can also be performed before the
membrane production, whereby to the melt of the selected biocompatible
polymer “in situ” pre-prepared biofunctionalized nanoparticles with already
bound target molecules to their surface functional groups are added, which is
followed by the membrane production via 3D printing whereby the
biofunctionalized nanoparticles with bound target molecules are integrated in
the carrier structure during the production process thereof.

16. A process for the production of the membrane wherein said process includes
the carrier structure production from the biocompatible polymer, followed by
chemical processing of the carrier surface, thus obtaining covalently bound
surface functional groups on the surface or in the pores of the carrier structure,
followed by membrane activation, whereby target molecules bind to the above
surface functional groups.

17. A process for separation of target stem cells from biological samples using the
membrane, according to claims 1 to 10, wherein said process comprises:

- preparation of an input single-cell suspension, whereby the input single-cell
suspension comprises target stem cells as well as other non-target cells which
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are other tissue cells, non-target stem cells, cellular debris and other
components present in the biological sample, whereby the size of individual
cells and/or possible smaller cell clusters in the suspension does not exceed
the membrane pore size and the density of the input single-cell suspension is
kept below 2x10%cells/mL;

- separation of the target stem cells from the input suspension occurs on the
basis of the free flow of the input single-cell suspension through at least one
membrane, whereby target stem cells are caught onto the membrane surface
and in the pores due to the specific recognition and binding between the
characteristic antigens on the surface of the target stem cells and target
molecules bound to the membrane.

The process according to claim 17, wherein the preparation of the input single-
cell suspension includes biological sample disintegration processes, which
include, but are not limited to mechanical processing, for example e.g.
maceration, cutting, scraping, centrifugation, chemical processing, for example
e.g. processing with erythrocyte lysis buffer, adding of anticoagulants,
enzymatic processing, for example e.g. use of collagenase, hyaluronidase,
trypsin or combinations thereof and/or combinations thereof.

The process according to claims 17 and 18, wherein the preparation of the
input single-cell suspension includes mechanical filtering using mesh filters
with porosity between 10 and 100um, provided the mesh filter material does
not bind the target stem cells and whereby mesh filters are used individually or
as a cascade of successive filters with a decreasing pore size and whereby
individual filters in the cascade are made of different materials.

20.The process according to claims 17 to 19, wherein the preparation of the input

single-cell suspension optionally includes a step for the erythrocytes removal
before mechanical filtering.

21.The process according to claims 17 to 20, wherein the size of individual cells

and/or possible smaller cell clusters in the suspension does not exceed 70um



WO 2020/130949 PCT/S12018/050035

30

in at least two dimensions and the density of the input single-cell suspension is
between 1x10° and 1x10 cells/mL.

22.The process according to claims 17 to 21, wherein the appropriate density of

the input single-cell suspension is achieved by adding physiological buffer to
achieve dilution or by increasing their amount in the suspension through

concentration, if necessary.

23.The process according to claims 17 to 22, wherein the process includes cell

separation using several membranes in a cascade whereby every subsequent
membrane arranged in the cascade having the same or smaller pore

dimensions.

24.The process according to claims 17 to 22, wherein the process optionally

25.

includes removal of target stem cells from the membrane, whereby the
processes for removal include, but are not limited to physical or mechanical
processes, for example change of pressure; physicochemical processes, for
example ionic strength variation by adding salt, buffers, ultra-pure water
rinsing;, biochemical processes, for example use of enzymes cleaving the
bond between the antigen and the membrane; chemical processes, for
example reduction of disulfide bonds to thiol groups; affinity processes, for
example adding compounds with a greater affinity to the selected active
functionalization surface than cells; and combinations thereof, whereby said
processes can be used individually or in combination or as cascade systems of
same or different processes with any number of repetitions.

A device for the separation of target stem cells from the biological sample
using the membrane according to claims 1 to 10, wherein said device consists
of a housing containing electronic and mechanical components with a
corresponding regulation and of an exchangeable cassette, whereby the
exchangeable cassette comprises a collection container (FC) for the input
single-cellsuspension, a mixing chamber (MIX) where by adding physiological
buffer from the container (PBS) the density of the input single-cell suspension



WO 2020/130949 PCT/S12018/050035

31

below 2x10® cells/ml is ensured, if necessary, at least one membrane (AM) for
the separation of the target stem cells from the single-cell suspension , a waste
container (W) and a collector (SC) for the suspension of the target stem cells.

26.The device according to claim 25, wherein the electronic component includes
an UPS power supply, flow and temperature sensors to ensure flow and
optimum temperature of 37°C control, a cell counter, analogue to digital
converters (ADC) and electrical converters.

27.The device according to claims 25 and 26, wherein the mechanical part of the
device includes valve systems, a pump system and/or compressor, a guide
system for opening/closing the part where the exchangeable cassette is
inserted, clips for fixing the cassette into the device housing as well as a fluid
system connection based on speed clips to simplify cassette exchange.

28.The device according to claims 25 to 27, wherein the supply of the input single-
cell suspension onto the membrane (AM) is regulated automatically, whereby a
cell counter detects the amount of cells and keeps the density of the input
suspension below 2x10® cells/mL by automatically adding physiological buffer
from the container (PBS).

29.The device according to claims 25 to 28, wherein the cell counter is functioning
based on the principle of bioimpedance and consists of two electrodes made of
any material detecting the change in electrical resistance, whereby the cell
counter is installed in two parts of the device, namely at the site before the
input single cell suspension reaches the membrane (AM) and before the sterile
target stem cell suspension in the physiological buffer reaches the container
(SC).

30.The device according to claims 25 to 29, wherein the device optionally includes
cleaning cassette for self-cleaning, whereby self-cleaning is performed
automatically and in accordance with the protocol for automatic self-cleaning.
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31.The device according to claims 25 to 30, wherein the sensors are connected
with the hub computer with a touchscreen with a correspondent interface and
the device is connected to the Internet using the hub computer’s LAN port.



