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DESCRIPTION

Description

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the benefit of priority of U.S. Provisional Patent Application Serial
No. 62/924,111, filed October 21, 2019.

BACKGROUND OF THE INVENTION

[0002] Additive manufacturing (also known as "3-D printing") has been proposed for various
biological applications. Significant attention is for the improvement of preclinical models, where
scientists in pharmaceutical development and clinical research are looking towards bioprinting
technologies, to provide new in vitro tissue models with physiological relevant cell
compositions, material properties and complex micro-structures. Bioprinting technology
possesses the capability of precise positioning of biomaterials and living cells to reconstruct
complex structures, with the goal of generating repeatable models of both diseased and
healthy tissue. Bioprinting offers opportunities to integrate patient-specific cell sources into
tissue models, further improving the biological relevance of in vitro screening.

[0003] WO 2019/021061 A1 discloses tissue-like structures being assembled using a
microfluidic print head via cell deposition onto patterned substrates.

[0004] SANGJUN MON ET AL: "Layer by Layer Three-dimensional Tissue Epitaxy by Cell-
Laden Hydrogel Droplets”, TISSUE ENGINEERING PART C: METHODS, vol. 16, no. 1, 1
February 2010, pages 157-166 discloses a bioprinter that can be used to print multilayered 3D
cell-laden hydrogel structures of tissue.

[0005] MICHIYA MATSUSAKI ET AL: "Tree-Dimensional Human Tissue Chips Fabricated by
Rapid and Automatic Inkjet Cell Printing", ADVANCED HEALTHCARE MATERIALS, vol. 2, no.
4, 2 November 2012, pages 534-539 discloses layer-by-layer assembly using inkjet printing of
single cells and proteins.

[0006] MICHIYA MATSUSAKI ET AL: "Fabrication of Cellular Multilayers with Nanometer-Sized
Extracellular Matrix Films", ANGEWANDTE CHEMIE INTERNATIONAL EDITION, vol. 46, no.
25, 18 June 2007, pages 4689-4692 discloses multilayer cell films on a surface.

SUMMARY OF THE INVENTION
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[0007] One aspect of the invention provides a method of generating three-dimensional
biological structures. The method includes: (a) depositing a first layer of a suspension over a
substrate, the suspension including a liquid and a plurality of cells; (b) allowing the plurality of
cells to attach to the substrate and form a first layer of attached cells; (¢) depositing a cell-
attachment agent over the first layer of attached cells; and (d) depositing a second layer of the
suspension over the cell-attachment agent.

[0008] This aspect of the invention can have a variety of embodiments. The method can
further include (b') culturing the plurality of cells in the first layer for a period of time in order to
establish or increase the amount of, one or more selected from the group consisting of: cell-
cell interactions, cell-cell attachments, cell-substrate interactions, cell-substrate attachments,
cell mass, and cell quantity. The period of time can include one or more ranges of time
selected from the group consisting of: from about 10 minutes to about 30 minutes, from about
30 minutes to about 60 minutes, from about 1 hour to about 12 hours, form about 12 hours to
about 1 day, from about 1 day to about 3 days, from about 3 days to about 1 week, from about
1 week to about 2 weeks, from about 2 weeks to about 4 weeks, and from about 4 weeks to
about 8 weeks.

[0009] The method can further include: (e) repeating steps (b)-(d) until a biological structure
having a predefined thickness is generated. The predefined thickness can be selected from the
group consisting of: about 1 um, between about 1 ym and about 10 um, between about 10 ym
and about 100 ym, between about 100 ym and about 1 mm, between about 1 mm and about
1.5 mm, between about 1.5 mm and about 5 mm, between about 5 mm and about 2 cm,
between about 2 cm and 10 cm, and between about 10 cm and 50 cm .

[0010] The method further includes: (e) repeating steps (a)-(c) at a new location on the
substrate.

[0011] The suspension can be deposited using a flow-confinement device. The cell-attachment
agent can be applied globally or in a pattern. The suspension can be applied globally or in a
pattern.

[0012] The suspension can include a single cell type or a plurality of cell types.
[0013] The substrate can be selected from the group consisting of: tissue and organ.

[0014] The method can further include: (f) depositing a cell blocking agent over the second
layer of the suspension. The cell-blocking agent can be selected from the group consisting of:
polyethylene glycol (PEG), block copolymers, bovine serum albumin (BSA), surfactant, casein,
polytetrafluoroethylene (PTFE), silanes, particulate solutions, nanoparticles, metal
nanoparticles, gold nanoparticles, silver nanoparticles, aluminum nanoparticles, titanium
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nanoparticles, and polymeric microspheres.

[0015] The cell-attachment agent can be selected from the group consisting of: adhesion
proteins, cell-attachment proteins, cell-adhesion biomolecules, cell-adhesion molecules,
polylysine, laminin, fibronectin, vitronectin, extracellular matrix (ECM), actin, integrin, perlecan,
desmin, poly glycans, fibulin, elastin, tropoelastin, cadherin, gelatin, concanavalin, collagen,
lipid structures, lipid nanotubes, lipid vesicles, lipid droplets, growth serum, fetal bovine serum,
calf serum, horse serum, nucleic acids, DNA strands, RNA strands, cationic solutions, calcium
solutions, magnesium solutions, and zinc solutions.

[0016] The substrate can be selected from the group consisting of. cell-attachment agent,
plastic, glass, silicon, paper, cotton, biomaterial, lipid films, gel, aerogel, hydrogel, polymer
matrix, metals, metal oxides, semipermeable membranes, permeable membranes,
polysaccharides, starch, collagen, cellulose, gelatin, biological scaffolds, biological tissue,
decellularized tissue, non-biological tissue, and biological cells.

[0017] The substrate can have a planar, uneven, structured, or patterned topology.

[0018] The substrate can include adjacent sections of different substrate materials.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] For a fuller understanding of the nature and desired objects of the present invention,
reference is made to the following detailed description taken in conjunction with the
accompanying drawing figures wherein like reference characters denote corresponding parts
throughout the several views.

FIGS. 1A-1J depict an exemplary direct cell bioprinting approach, highlighting exemplary
components. FIGS. 1A-1C illustrate printing cells using a recirculating fluid flow. Specifically,
FIG. 1A provides a schematic overview of the bioprinting setup consisting of, a micro-
positioner-controlled printhead, an automated substrate positioner, a computer-controlled
pneumatic interface, and a microscopy imaging system. FIG. 1B provides an exemplary
fluorescent microscopy image of the fluidic printhead tip, demonstrating the hydrodynamically
confined flow. FIG. 1C provides an illustration of the fluidic printhead exit, presenting the flow
path of cells within the confined circulating fluid. FIGS. 1D-1E illustrate an exemplary method of
pattern formation using multiple cell types. FIG 1D demonstrates that positioning of the
printhead in proximity to a substrate surface within a buffer solution, while maintaining a
confined fluid flow, enables cells to interact and attach to the substrate within a localized region
at the tip of the printhead. Translating the surface relative to the printhead allows the deposited
cells to be patterned on said surface, e.g., to modulate fluid flow over the resulting substrate.
FIG. 1E demonstrates that individual solutions containing, e.g., different cells from individual
sample wells within the printhead can be changed at will, allowing for numerous loaded cell
types to be printed without the need to replace or reload the printhead. FIGS. 1F-1H depict
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experimental images demonstrating this approach, by printing a structured pattern composed
of alternating printed stripes of HaCaT and A431 cells onto a petri dish surface immersed in
DMEM growth media. FIG. 1F depicts A431 cells positioned within the confined flow at the
beginning of a structured print. FIG. 1G depicts the first stripe of the pattern being printed by
translating the substrate. FIG. 1H depicts an image of the pattern mid-way through printing the
second cell stripe, after switching cell type to HaCaT. The final printed structure is shown in
FIG. 1l, composed of alternating printed stripes of HaCaT and A431 cells, labelled with
cytotracker-green and cytotracker-red respectively. This structure was post-print nuclei stained

with HOECHST® 33342 and fixed with paraformaldehyde. A demonstration of the printing
precision is shown in FIG. 1J, whereby a single cell array was constructed using SH-SY5Y
cells. Through automated control of the substrate positioning, the spacing between the cells
can be fixed or adjusted in real-time. The scale bar in FIGS. 1F to 1J represents 100um.

FIGS. 2A-2H depict exemplary post-printing tissue and cell colony model development as well
as cell growth. Complex tissue and cell colony models using, e.g., small samples containing
few cells can be built by incubating the printed samples, allowing the cells to grow and form
cell-to-cell interactions resulting in a tissue or a continuous weave of cells. A pictographic
representation of the model development is shown in FIG. 2A as the freshly deposited cells
grow and proliferate to establish a tissue-like structure. FIGS. 2B-2E present experimental
examples, highlighting before and after a 20-hour incubation post-printing. A simple
encapsulated patch of skin cancer cells (A431) surrounded by, and in contact with, an epithelial
cell layer (HaCaT) is shown in FIGS. 2B-2C whereby HaCaT and A431 cells were labelled with
cytotracker-green (green dashed boundary) and cytotracker-red (red dashed boundary)
respectively. A brightfield image of the pattern directly after printing is shown in FIG. 2B, where
dashed lines indicate the boundaries of the printed cell types. The corresponding fluorescent
image is shown in the left panel of FIG. 2C, whereby the grown model is presented in the right
panel of FIG. 2C. A more complex version of this encapsulation model is presented in FIGS.
2D and 2E, whereby four skin cancer cell patches (A431) are printed and surrounded by an
epithelial cell layer (HaCaT). The two cell types were printed to not be in contact, to allow each
cell-type to attach to the surface and grow prior to interacting with each other. FIGS. 2D and
2E were performed using the same timing and conditions as for FIGS. 2B and 2C. A simple
application of this approach was achieved by establishing a psoriasis-like printed skin model.
The skin model responded to retinoic acid-a drug used in psoriasis therapy. This model is
composed of a two-printed stripe structure, of differentiated and non-differentiated HaCaT
cells. The cell stripes were printed and allowed to proliferate for 24 hours prior to being tested.
Control samples were exposed to fresh growth media and treated samples were exposed to
retinoic acid supplemented media for 20 hours. Following the treatment, all samples were fixed

with acetone and labelled with HOECHST® 33342 (blue) to identify the nuclei and a double
antibody staining, first with rabbit anti-human cytokeratin 10, followed by goat anti-rabbit IgG

ALEXA FLUOR® 488 (green) to identify the level of CK10 expression. Example images of fixed
treated samples are shown in FIGS. 2F and 2G, where green and white bands at the top of the
panels indicate the approximate printed stripe width of differentiated and non-differentiated
cells respectively. A summary plot of the retinoic acid treatment is shown in FIG. 2H, indicating
an approximately 20% decrease in CK10 expression for the treated samples. The scale bar in
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FIGS. 2B-2G represents 200 um.

FIGS. 3A-3J demonstrate 3D cell bioprinting by applying a direct cell bioprinting approach to
establish a multi-layered, 3D multi cell-type structure. An overview of the printing scheme is
presented in FIGS. 3A to 3D, wherein a substrate surface is pre-cultured with a confluent cell
layer, upon which a layer of a cell attachment agent (CAA) applied with the bioprinter head can
then be deposited, as shown in FIG. 3A. Directly after CAA deposition, a second layer of cells
can be printed, as shown in FIG. 3B. This multi-layered structure is then incubated and allowed
to grow for 24 hours. This process of depositing CAA, followed by printing cells and incubating,
can be cycled or repeated several times to establish additional layers, as shown in FIGS. 3C
and 3D, resulting in a 3D patterned structure of cells, shown in FIG. 3E. An experimental
example of this 3D layering approach is shown in FIGS. 3F to 3H and is demonstrated to build
a patterned structure of A431 cells, followed by HaCaT cells, followed by A431 cells. The
printing substrate was a coated 500um gridded petri dish, to aid in identification and printing of
each subsequent layer. A brightfield image of the final 3D printed structure, directly after
printing the third layer, is shown in FIG. 3F. The base cell layer being composed of A431 cells
labelled with cytotracker-green (green), the middle layer being HaCaT cells labelled with
cytotracker-red (red), and the top layer being A431 cells pre-printing stained with Hoechst
33342 (blue). A fluorescence overlay of the three color channels is shown in FIG. 3G. As a
visualization aid, each channel was normalized to an 8-bit greyscale image then summed
together as a 32-bit image, to readily establish where cells are layered on top of each other,
shown in FIG. 3H. Aline profile was taken through the field shown in FIG. 3H, corresponding to
the orange line. A plot was generated shown in FIG. 3i, which indicates the heights of
fluorescence intensity after image reconstruction. An alternate representation of this layered
visualization is shown in FIG. 3J, highlighting the final multi-layered print layout. The scale bar
in FIGS. 3F to 3J represents 100um.

FIG. 4 depicts an exemplary method of generating three-dimensional biological structures.

DEFINITIONS

[0020] The instant invention is most clearly understood with reference to the following
definitions.

[0021] As used herein, the singular form "a,” "
the context clearly dictates otherwise.

an," and "the" include plural references unless

[0022] Unless specifically stated or obvious from context, as used herein, the term "about” is
understood as within a range of normal tolerance in the art, for example within 2 standard
deviations of the mean. "About" can be understood as within 10%, 9%, 8%, 7%, 6%, 5%, 4%,
3%, 2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of the stated value. Unless otherwise clear from
context, all numerical values provided herein are modified by the term about.



DK/EP 4048331 T3

[0023] As used herein, the term "attachment" can refer to both physical, chemical, biological
ionic, and electrostatic interactions, such as steric, covalent, ionic and hydrogen bonds,
between cells and a substrate, surface or other cells. Attachment can be formed on the order
of a minute for some cells. Other cells (e.g., neurons) may attach over weeks. Exemplary time
ranges for allowing for attachment may include: from about 1 second to about 10 seconds,
from about 10 seconds to about 30 seconds, from about 30 seconds to about 60 seconds,
from about 1 minute to about 10 minutes, from about 10 minutes to about 30 minutes, from
about 30 minutes to about 60 minutes, from about 1 hour to about 12 hours, form about 12
hours to about 1 day, from about 1 day to about 3 days, from about 3 days to about 1 week,
from about 1 week to about 2 weeks, from about 2 weeks to about 4 weeks, and from about 4
weeks to about 8 weeks, from about 8 weeks to about 12 weeks, and so on.

[0024] As used in the specification and claims, the terms "comprises,” "comprising,”
"containing,” "having," and the like can have the meaning ascribed to them in U.S. patent law

and can mean "includes,” "including," and the like.

[0025] Unless specifically stated or obvious from context, the term "or,” as used herein, is
understood to be inclusive.

[0026] Unless specifically stated or obvious from context, the term "recirculation” can have the
meaning of a fluid flow path exiting the device and returning to the same device.

[0027] Ranges provided herein are understood to be shorthand for all of the values within the
range. For example, a range of 1 to 50 is understood to include any number, combination of
numbers, or sub-range from the group consisting 1, 2, 3,4,5,6,7, 8,9, 10, 11,12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41, 42,43, 44, 45, 46, 47, 48, 49, or 50 (as well as fractions thereof unless the context clearly
dictates otherwise).

DETAILED DESCRIPTION OF THE INVENTION

[0028] Aspects of the invention provide systems and methods for the controlled deposition of
biological cells or cell constituents onto surfaces, including but not limited to the additive
manufacturing of small-to-large cellular networks, tissues, organs, and other biological
structures. In particular, embodiments of the invention can be used to create histologically
complex cell structures in 2D and 3D.

Fluid Dispensers

[0029] In some embodiments of the invention, the fluid dispenser includes a nozzle or other
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device that ejects a fluid. For example, embodiments of the invention can be applied to existing
additive manufacturing (also known as "3-D printing") devices, e.g., by incorporating the
systems and methods described herein alongside existing additive manufacturing printheads
that apply materials such as polymers, e.g., biocompatible polymers, for the production of
organs-on-a-chip.

[0030] Referring now to FIGS. 1A-1H, in some embodiments, the printing systems and
methods utilize a flow-confinement device 102 and a controller 104 configured to generate a
confined liquid volume outside of the flow-confinement device 102 where the confined liquid
volume can be modulated by said controller 104 to include modulated and non-confined flow
modes, as well as zero-flow modes, and where the controller 104 can be used to switch
between any flow modes in arbitrary sequence, for arbitrary periods of time.

[0031] Some embodiments of the invention utilize fluid flows or recirculating fluid flows,
generated at the tip of a flow-confinement device 102, to achieve high resolution printing (e.g.,
with respect to both the lateral and axial position of the cells, deposition spot size for cell
groupings, layer thicknesses, quantities of cells deposited, types of cells deposited, and the
like). Although embodiments of the invention provide single-cell-deposition capabilities,
embodiments of the invention can also deposit multiple cells at a time. For example, and
without being bound by theory, Applicant believes that embodiments of the invention can
reliably deposit layers having a thickness of less than two cells (e.g., less than about 500 ym,
less than about 300 ym, less than about 200 um, less than about 150 pm, less than about 100
pm, less than about 75 pm, less than about 50 ym, less than about 20 ym, less than about 10
pm, less than about 5 ym, and the like).

[0032] As depicted most clearly in FIG. 1C, flow-confinement device 102 can include one or
more channels of which some channels are configured as outlet channels, through which liquid
leaves the device 102 into an open volume and some channels are inlet channels, through
which liquid is withdrawn from the open volume into the device. In some embodiments, outlet
channels and inlet channels are different channels. In some embodiments same channel can
be intermittently switched to be outlet channel and an inlet channel, e.g., as further described
in U.S. Patent No. 9,126,197.

[0033] Controller 104 can be configured to control the liquid flow such that all liquid leaving
from the device is returning eventually back into the device when in recirculatory mode.
Outflow can reach a limited maximal distance from the outlet channel before returning into the
inlet channel. This distance defines the size of the confined liquid volume. Therefore, the liquid
outflow can reach a substrate (e.g., cell dish in FIG. 1A) or a surface, if it is positioned closer
than the critical dimension of the confined liquid volume. In some embodiments, the outflow
can reach the substrate, such that the flow-confinement device 102 does not have a direct
contact with the substrate. The tip of the flow-confinement device 102 can, in some non-limiting
applications, be in contact with the substrate.

[0034] In various embodiments, the device can reliably deposit single cells, and or groups of
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cells, with a lateral resolution on the order of a single cell (e.g., less than about 150 pm, less
than about 100 pm, less than about 75 pm, less than about 50 ym, less than about 30 uym, less
than about 20 um, and the like).

[0035] Exemplary devices and methods for generating confined fluid flows are described in
U.S. Patent Nos. 9,126,197; 9,658,240; and 9,671,366.

Exemplary Control Systems

[0036] Still referring to FIG. 1A, the recirculating fluid flow-confinement device 102 can be
readily positioned relative to an object of interest using either a manual positioning system, or
through the implementation of an electronically controlled positioning device 106. The
positioning system may include hydraulic, mechanical, or electrical (e.g., stepper or servo
motor) micromanipulators. These actuators can be arranged in one, two, three, four or greater
directions.

[0037] The electronically controlled position of both the printhead and the substrate can be
achieved through on-demand control, e.g., through the use of a joystick, gamepad controller,
scroll wheel, a touch screen and combinations thereof, and/or through the use of a
computationally determined path. These paths can for example, be derived from a simple
coordinate system, a design file, such as .stl (STereoLithography) CAD files, and/or through a
relative feedback response, e.g., adapting to the changing position of cell propagation.

Feedback

[0038] In some embodiments, methods of cell deposition may be carried out under the control
of a preprogrammed flow controller. In various embodiments, the system may further comprise
a cell concentration measuring device for measuring cell deposition. In various embodiments,
the preprogrammed flow controller may be programmed to assess whether a predefined
number of cells are correctly located on the substrate. The feature of various embodiments by
which parameters of the method are adjusted based on information collected over the course
of the method is termed "feedback”.

[0039] In various embodiments, the system may further comprise a device or method for
measuring a cell property, such as a method for measuring protein expression, gene
expression, metabolic markers, cell-cell interactions, ions, or other biological, physical or
chemical properties of one or several cells in the various flow modes, including recirculatory
flow.

[0040] The concentration of particles/cell in the flow can be determined from either the initial
concentration as it entered the microfluidic device and/or monitoring within the dispenser or on
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the substrate, e.g., conductivity, impedance, fluorescence, phase retardation and the like.

[0041] Coverage can be assessed through a variety of techniques and devices. By way of non-
limiting example, coverage may be assessed by optical assessment, particle tracking, by
measuring conductivity and/or impedance, by ultrasound and/or by optical phase retardation
measurements. A person of skill in the art will appreciate that different techniques for
measuring coverage are more or less appropriate based on circumstances including, for
example, the cell type and the type of liquid or liquids used.

[0042] In one embodiment, optical assessment can be performed using a digital camera (e.g.,
a charge-coupled device (CCD) or complementary metal oxide semiconductor (CMOS) image
sensor), which can optionally be associated with various optics such as microscope, a light
source, and the like. Suitable imaging modalities such as reflection, absorption, phase
retardation, polarization, fluorescence, phosphorescence, and the like. Image processing can
be performed on the captured image and examined to determine if the current coverage state
is acceptable (e.g., in view of a .stl source file). Various patterns can place the same or similar
cells adjacent to each other, place different cells adjacent to each other, place cells adjacent to
non-cellular materials such as polymeric scaffolds, and the like.

[0043] In another embodiment, suspended particles are tracked, e.g., after exiting from the
microfluidic printhead. For example, sperm tracking technology such as described in U.S.
Patent Application Publication No. 2017/0109879 can be applied to track a plurality of moving
suspended particles. The fluid flow can be modified or paused in order to facilitate desired
placement of the suspended particle(s).

[0044] In another embodiment, conductivity and/or impedance can be utilized to assess
coverage. For example, two or more electrodes can be positioned in the deposition chamber,
at least one of which should be adjacent to the microfluidic printhead, and current can be
applied between the electrodes. Without being bound by theory, Applicant believes that
resistance will increase in measurements during recirculating fluid flow as cells are deposited.
Likewise and without being bound by theory, Applicant believes that the presence of deposited
cells after cessation of the recirculating fluid flow will result in decreased impedance. Result-
indicative conductivity and/or impedance values can be determined experimentally for
particular embodiments, stored in computer-readable media, and referenced in a particular
embodiment.

[0045] In still another embodiment, acoustic waves (e.g., ultrasound waves) can be utilized to
detect the presence and position of a recirculating fluid flow and/or a deposited particle.

[0046] In yet another embodiment, deposited particle position and/or surface coverage may be
determined by optical phase retardation measurements. Any source of polarized light and as
well as any technique for phase detection, such as digital holographic microscopy (DHM) may
be employed.
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Exemplary Substrates

[0047] As used herein, the term "substrate"” refers to the area or the object in or on which cells
are deposited. The term "substrate” is to be construed broadly as the methods of the invention
may be applied to a wide variety of different substrates. By way of non-limiting example, the
substrate may be a surface, such as glass or plastic, which may or may not be functionalized.
The substrate may be a volume element, such as a contained fluid or a gel. The substrate may
also be cells of the same type or different from those deposited. In embodiments in which the
substrate is a cell or cells, the cells may be suspended in a solution, attached to a surface or
another object, or part of tissue, either in culture or from a living organism including a human.

[0048] The substrate can, among other materials, be composed of. a cell-attachment agent,
plastic, glass, silicon, paper, cotton, biomaterial, lipid films, gel, aerogel, hydrogel, polymer
matrix, metals, metal oxides, semipermeable membranes, permeable membranes,
polysaccharides, starch, cellulose, gelatin, biological scaffolds, biological tissue, non-biological
tissue, biological cells, or a composite material of any of the preceding list.

[0049] Exemplary plastic types include, but are not limited to, polycarbonate, polystyrene,
polyethylene terephthalate, high-density polyethylene, low-density polyethylene, polyvinyl
chloride, polypropylene, polystyrene, polylactide, polyacetal, poly dimethyl siloxane, acrylic,
acrylonitrile butadiene, nylon, and the like.

Exemplary Suspensions

[0050] The suspensions dispensed by the printhead can include a variety of solvents including
aqueous solvents. The viscosity of the suspension can be configured so that the suspension
remains in a desired location for sufficient time for cell attachment and/or growth. In some
embodiments, the solvent is a dilute gel.

Exemplary Biological Materials

[0051] The dispensed suspensions can include a variety of biological materials such as cells,
cell fragments, vesicles, subcellular organelles, particles, and the like.

[0052] Cell suspensions may be prepared using standard techniques, as understood in the art.
For example, mammalian cells may be suspended in a solution of about 1x108 cells/mL to

about 10x08 cells/mL. The cell suspension solution may be combined with a PEG (e.g., mol wt
6000). In some embodiments, the cell suspension solutions may have a final concentration of
about 15 mg/ml.
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[0053] In some embodiments, each layer includes a single cell type. In other embodiments, a
plurality of cell types are provided in the same suspension. In still other embodiments, a
plurality of suspensions, each containing a single cell type are applied adjacent to each other
within a single layer. In yet another embodiment, the cell types vary from layer-to-layer.

Exemplary Cell Attachment Agents

[0054] The cell attachment agent (CAA) can be delivered globally (over the whole sample
surface), locally (within a defined region of the sample) and/or directly patterned (over the
whole sample or locally, where the region is defined by the path of the fluidic printhead).

[0055] CAA types include, but are not limited to adhesion proteins, cell-attachment proteins,
cell-adhesion biomolecules, cell-adhesion molecules and further include, but are not limited to:
polylysine (e.g., poly-L-lysine (PLL)), laminin, fibronectin, vitronectin, extracellur matrix (ECM)

(e.g., available under the GELTREX® mark from Life Technologies Corporation of Carlsbad,
California), actin, integrin, perlecan, desmin, poly glycans, fibulin, elastin, tropoelastin,
cadherin, , gelatin, concanavalin, collagen, organic and inorganic gels, lipid structures (e.g.,
nanotubes, vesicles, droplets, and the like), growth serum (e.g., fetal bovine serum, calf serum,
horse serum, and the like), nucleic acids (e.g., DNA and/or RNA strands), cationic solutions
(containing, e.g., calcium, magnesium, zinc, and the like), or a composite solution comprised of
any of the preceding list.

[0056] The CAA may be prepared as a working solution for pretreating one or more
substrates. The CAA working solution for pretreating may include one or more of PLL, poly-D-
lysine (PDL), ECM, and a buffer including for example sodium borate buffer. In certain
embodiments, the working solution for pretreating includes: 0.5 mg/mL poly-L-lysine (PLL) and

75 ug/mL extracellular matrix (protein concentration 120-180 pg/mL, GELTREX®, Gibco),
prepared using 0.1 M sodium borate buffer. The working solution for pretreating may be
prepared a time interval before use, including immediately prior to use.

[0057] The CAA may be prepared as a working solution for direct printing, further known as
CAA-dp. The CAA-dp may be of the same composition as CAA or be of a composition including
one or more of PLL, PDL, serum (e.g., fetal bovine serum), and buffer (e.g., phosphate-
buffered saline buffer). In certain embodiments, the working solution for direct printing
includes: 0.1 mg/mL poly-L-lysine (PLL) and 10% FBS, prepared in a 1x phosphate-buffered
saline (PBS) buffer. The working solution for direct printing may be prepared a time interval
before use, including immediately prior to use.

[0058] CAA may additionally include envrinmentally responsive compounds, such as Poly(N-
isopropylacrylamide (PNIPAAm) for thermal responsivity or Rose Bengal or riboflavin for
photoactive linkers.
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Exemplary Cell-Blocking Agents

[0059] In a similar manner to CAA, cell-blocking agent (CBA) can be applied globally over a
substrate, locally, or patterned using the fluidic printhead. The CBA can prevent attachment
between adjacent cells and/or act as a placeholder. In some embodiments, the CBA is a
dissolvable substance. For example, a CBA such as PEG can be deposited as a scaffold to
establish a lumen while cells are deposited around the lumen to form a vessel.

[0060] CBA types include, but are not limited to, polyethylene glycol (PEG), block copolymers,

bovine serum albumin (BSA), surfactants (e.g., PLUORONIC™ surfactants available from
ThermoFisher Scientific of Waltham, Massachusetts), casein, polytetrafluoroethylene (PTFE)

(e.g., TELLON® available from The Chemours Company of Wilmington, Delaware), silanes,
particulate solutions (e.g., including nanoparticles (e.g., metal nanoparticles such as gold,
silver, aluminium, titanium, and the like), polymeric microspheres, and the like), or a composite
solution comprised of any of the preceding list.

Additions to Living Organisms

[0061] Embodiments of the invention can be applied to add material to living organisms. In
such embodiments, the organism can be considered the substrate. Such embodiments can be
used for a variety of therapeutic and/or cosmetic applications including regenerative medicine,
tissue grafting, plastic surgery, orthopedics, and the like.

[0062] Embodiments of the invention utilizing a soft printhead are particularly advantageous in
such embodiments, especially when applied to delicate tissues such as the eye and the ear.

[0063] Such an in-situ-generated graft can be bound to the organism through various
techniques including the use of cross-linking as discussed herein.

[0064] /n-situ-generated grafts can also be used for research purposes. For example, cancer
cells can be printed within an organism (e.g., in a predefined and consistent pattern across
multiple organisms) for experimental animal research.

[0065] The references to methods of treatment above, under heading "Additions to Living
Organisms”, are to be interpreted as references to the compounds, pharmaceutical
compositions and medicaments of the present invention for use in a method for treatment of
the human (or animal) body by therapy (or for diagnosis).

EXPERIMENTAL EXAMPLES
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[0066] The invention is further described in detail by reference to the following experimental
examples. These examples are provided for purposes of illustration only, and are not intended
to be limiting unless otherwise specified. Thus, the invention should in no way be construed as
being limited to the following examples, but rather, should be construed to encompass any and
all variations which become evident as a result of the teaching provided herein.

Example 1: Preparation of a Printed Skin Model

[0067] In order to prepare an exemplary three-dimensional skin model, the following materials
were prepared and used according to the following methods.

Materials and Methods

Cell Culture

[0068] HaCaT cells were maintained and grown in complete Dulbecco's Modified eagle's
Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), at 37°C and
5% COs. Cells used as experimental controls were sub-cultured when they attained a
confluency of approximately 80%, preventing the cells from differentiating. To mimic psoriasis-
affected cells, a separate culture of HaCaT cells were prepared and allowed to differentiate, by
growing the culture for 3-4 additional days, once a 100% confluency had been achieved.

Cytokine Treatment

[0069] To induce the psoriasis-like protein expression, differentiated HaCaT cells were
exposed to a combination of inflammatory cytokines IL-1a (10 ng/ml, Peprotech) and TNF-a (5
ng/ml, Peprotech) for 36 hrs prior the bioprinting process.

Bioprinting

[0070] Undifferentiated and differentiated psoriasis-like (cytokine-treated) HaCaT cells were

used for bioprinting a skin model with the BIOPIXLAR® platform. The skin model was formed
by printing stripes of psoriasis-like ("diseased”) and undifferentiated ("healthy") cells side-by-

side. The printing process was performed on CAA-precoated IBIDI® dishes. After printing, the
cells were allowed to grow and proliferate in full growth media (DMEM +10% FBS) at 37°C, 5%
CO, for 24 hrs.
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[0071] In general, the following protocol was utilized for printing the skin model as described
herein.

1. 1. Preload the printhead with the required cell suspensions and other reagents. If the
substrate surface is not pre-treated with CAA, CAA-dp solution needs to be additionally
preloaded into the printhead.

2. 2. Add suitable amount of cell culture medium without FBS onto the substrate, to
establish immersion for the printhead, then position the printhead relative to surface.

3. 3. If the substrate has not been CAA coated, the target print area can be directly coated
with CAA-dp prior to printing the cells.

4. 4. Cells are printed onto the substrate as desired.

5. 5. After cell printing, the substrate is transferred to an incubator (37°C and 5% CO») and

allowing the cells to attach, proliferate and/or grow until the desired cell layer is
achieved. FBS can be added to the growth media after printing.

6. 6. To build additional cell layers, the whole substrate*, including the grown cells, can be
pre-treated with CAA-dp by replacing the growth medium with CAA-dp and incubating
(37°C and 5% CO») for 5 min. This solution can then be removed, and the cell-laden

substrate gently rinsed with 1x PBS buffer or culture medium without FBS.

7. 7. Prior to printing, the additional layer of cells, the solution in which the substrate is
immersed can be exchanged with culture medium without FBS.

8. 8. Repeat step 3-7 for printing a new cell layer.

**|If a localized area is to be treated for printing instead of the global substrate, the CAA-dp can
be locally applied by exposing the surface to the CAA-dp solution using the printhead. This
localized patterning does not require a complete change of the substrate immersion medium.

Drug Treatment

[0072] To verify the applicability of the bioprinted skin model, the effect of all-trans retinoic acid
(RA) (Sigma), a drug used for many skin disorders, was compared against a control. Four
hours post-printing, RA was introduced to the full growth media to a final concentration of 1
MM. The model was then allowed to grow for 20 hrs. The control model was treated with equal
amounts of the RA solvent.

Immunofluorescence Staining

[0073] Culture media was removed from the dish and the printed models were washed three
times with prewarmed (37°C) PBS. The cells were then fixed with chilled acetone for 5-6
minutes at -20°C. Acetone was removed from the dish then thoroughly washed with PBS
without allowing the cells to dry between rinses. Thereafter, fixed cells were incubated with

ULTRACRUZ® Blocking reagent (Santa Cruz Biotechnology, USA) for 30 minutes at room
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temperature (RT). After blocking, cells were stained with rabbit primary antibody (Santa Cruz

Biotechnology, USA) diluted in ULTRACRUZ® Blocking reagent at RT for 1 hr. Next, cells were
washed three times with PBS and stained with anti-rabbit secondary antibody conjugated with

ALEXA-FLUOR® 488 (Santa Cruz Biotechnology, USA) at RT for 1 hr. Afterwards, cells were

washed again three times with PBS, and mounted using ULTRACRUZ® Aqueous Mounting
Medium with DAPI (Santa Cruz Biotechnology, USA), and sealed with coverslip. Images were

taken using a fluorescent microscope (ZEISS® AXIOVERT® A1, Carl Zeiss, Germany)

equipped with 5X (EC PLAN-NEOFLUAR®, NA 0.16) and 10X (EC PLAN-NEOFLUAR®, NA
0.30) objectives, LED 385nm, LED 470nm and LED N-White, light sources and corresponding

filter cubes for Blue, Green and Red emission detection (CARL ZEISS® filter sets Nr.49, Nr.44
and 43). Images were processed and analyzed using CARL ZEISS®, ZEN Blue v.2.6 and
IMAGEJ™ software packages.
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Patentkrav

1. Fremgangsmade til generering af tredimensionelle biologiske strukturer,
hvilken fremgangsmade omfatter:

(a) ved anvendelse af en indretning til indeslutning af stremning, at aflejre et
farste lag af en suspension i et manster over et substrat, hvor suspensionen
omfatter en vaeske og en flerhed af celler;

(b) at gare det muligt for flerheden af celler at binde til substratet og danne et
farste lag af vedheeftede celler;

(b") at dyrke flerheden af celler i det fgrste lag i et tidsrum pa mellem ca. 10
minutter og ca. 8 uger for at etablere eller gge meengden af en eller flere ud-
valgt fra gruppen bestaende af: celle-celle-interaktioner, celle-celle-vedheeft-
ninger, cellemasse og cellemaengde, hvor dyrkningen resulterer i en vaevslig-
nende struktur;

(c) at aflejre et cellebindingsmiddel over det farste lag af vedheeftede celler;
(d) ved anvendelse af en indretning til indeslutning af stremning, at aflejre et
andet lag af suspensionen i et mgnster over cellevedhaeftningsmidlet; og

(e) at gentage trin (b)-(d), indtil en biologisk struktur med en foruddefineret
tykkelse er genereret,

hvor trin a)-d) ikke udferes pa menneske- eller dyrekrop.

2. Fremgangsmade ifalge krav 1, som yderligere omfatter maling af protein-
ekspression, genekspression, metaboliske markarer, celle-celle-interaktioner,
ioner eller andre biologiske, fysiske eller kemiske egenskaber af flerheden af

celler, herunder recirkulationsstremning.

3. Fremgangsmade ifglge krav 1, hvor tidsperioden omfatter et eller flere tids-
intervaller valgt fra gruppen bestaende af: fra ca. 10 minutter til ca. 30 minutter,
fra ca. 30 minutter til ca. 60 minutter, fra ca. 1 time til ca. 12 timer, fra ca. 12
timer til ca. 1 dag, fra ca. 1 dag til ca. 3 dage, fra ca. 3 dage til ca. 1 uge, fra

ca. 1 uge til ca. 2 uger, fra ca. 2 uger til ca. 4 uger og fra ca. 4 uger til ca. 8
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uger.

4. Fremgangsmade ifglge krav 1, hvor den foruddefinerede tykkelse er valgt
fra gruppen bestaende af: ca. 1 um, mellem ca. 1 ym og ca. 10 um, mellem
ca. 10 um og ca. 100 um, mellem ca. 100 pum og ca. 1 mm, mellem ca. 1 mm
og ca. 1,5 mm, mellem ca. 1,5 mm og ca. 5 mm, mellem ca. 5 mm og ca. 2

cm, mellem ca. 2 cm og 10 cm og mellem ca. 10 cm og 50 cm.

5. Fremgangsmade ifglge krav 1, yderligere omfattende:

(e) gentagelse af trin (a)-(c) pa et nyt sted pa substratet.

6. Fremgangsmade ifalge krav 1, hvor cellebindingsmidlet paferes i et man-

ster.

7. Fremgangsmade ifglge krav 1, hvor suspensionen omfatter en flerhed af

celletyper.

8. Fremgangsmade ifalge krav 1, yderligere omfattende:
(f) aflejring af et celleblokerende middel over det andet lag af suspensionen.

9. Fremgangsmade ifglge krav 8, hvor celleblokeringsmidlet er valgt fra grup-
pen bestaende af: polyethylenglycol (PEG), blokcopolymerer, bovint serumal-
bumin (BSA), overfladeaktivt middel, casein, polytetrafluorethylen (PTFE),
silaner, partikelformige oplgsninger, nanopartikler, metal-nanopartikler, guld-
nanopartikler, sglv-nanopartikler, aluminium-nanopartikler, titanium-nanopar-

tikler og polymere mikrosfeerer.

10. Fremgangsmade ifalge krav 1, hvor cellevedheeftningsmidlet er valgt fra
gruppen bestaende af: adhaesionsproteiner, cellevedhaeftningsproteiner, cel-
leadhaesionsbiomolekyler, celleadheesionsmolekyler, polylysin, laminin, fibro-
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nectin, vitronectin, ekstracelluleer matrix (ECM), aktin, integrin, perlecan, des-
min, polyglycaner, fibulin, elastin, tropoelastin, cadherin, gelatine, conca-
navalin, kollagen, lipidstrukturer, lipidnanorgr, lipidvesikler, lipiddraber,
veekstserum, fgtalt bovint serum, kalveserum, hesteserum, nukleinsyrer, DNA-
strenge, RNA-strenge, kationiske oplasninger, calciumoplgsninger, magnesi-

umoplgsninger og zinkoplgsninger.

11. Fremgangsmade ifalge krav 1, hvor substratet er valgt fra gruppen besta-
ende af: cellevedheeftningsmiddel, plastik, glas, silikone, papir, bomuld, bio-
materiale, lipidfilm, gel, aerogel, hydrogel, polymermatrix, metaller, metaloxi-
der, semipermeable membraner, permeable membraner, polysaccharider, sti-
velse, kollagen, cellulose, gelatine, biologiske stilladser, biologisk veev, de-

cellulariseret veev, ikke-biologisk veev og biologiske celler.

12. Fremgangsmade ifalge krav 1, hvor substratet omfatter tilstaedende sekti-
oner af forskellige substratmaterialer.
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