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(57) Abstract: A method has been developed to produce stable cell-matrix microspheres with up to 100% encapsulation efficiency
and high cell viability, using matrix or biomaterial systems with poor shape and mechanical stability for applications including
cell therapeutics via microinjection or surgical implantation, 3D culture for in vitro expansion without repeated cell splitting using
enzymatic digestion or mechanical dissociation and for enhanced production of therapeutic biomolecules, and in vitro modelling for
morphogenesis studies. The modified droplet generation method is simple and scalable and enables the production of cell-matrix
microspheres when the matrix or biomaterial system used has low concentration, with slow phase transition, with poor shape and

mechanical stability.
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CELL-MATRIX MICROSPHERES, METHODS

FOR PREPARATION AND APPLICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS
3 This application claims priority to U.S.S.N. 60/801 975 filed 19 May
2007,
FIELD OF INVENTION
The present invention relates generally to cell-matrix microspheres,
associated products, methods for preparation and applications,  More
10 specifically, it relates to methods producing eell-matrix microspheres and
unmobilizing living cells, methods and processes for culturing these cells:
methods and processes for using these microspheres as therapeutics, as three
dimensional (“3D7) microcarriers, and for production of biomolecules such
as therapeutic proteins, in a more efficient and economical manner,
15 BACKGROUND OF INVENTION
{ell-based therapy provides a minimally invasive approach by local
injection at the site of defect via microsyringe needles and presents a
promising approach for tissue repair and regenerative medicine. However,
technological challenges associated with the localization, long term viability,
20 host tissue-integration and functional remodeling (Tavard, et al., Curr Drug
Targers, 6(1):81-96 (2005); Tataxd, et al,, Biomaterials, 26(17):3727-37

(2005); Pittenger and Martin, Cire, Res., 95(1):9-20 {2004); Bonaros, et al.,

[re ]

Panminerva Med., 46(1):13-23 (2004)) of the injected cells, and injectability
and mechanieal stability of the carriers {Crevensten, et al., A, Biomed

23 Eng., 32(3):430-4 (2004)) need to be resolved before clinical applications
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can be suceesstully achieved.
Microencapsulation enfraps cells within the confinement of a
semi-permeable membrane or a homologous solid. It has been used for many

years to aid immunoisolation during alfogenic or xenogenic ¢ell

1%

tansplantation (Wudag et al., ddv. Drug Delive Rev, 42(1-2):29-64 (2000):
Orive, et al., Trends Biotechnol , 22(2%:87-92 (2004)), Sodium alginate
dominates the ficld while other materials such as agarose (Batorsky, et al.,
Bivtechnol. Bioeng., W2{4):492-500 (2005)) and polvethylene glyeol (PEG)
(Nuitelman, et al., Mairix Biol 24(3):208-18 (20035)) are also used. None of
10 these materials, if wmodified, support cell attachment and growth (Grohm, et
al.. Biotechnigues, 22(5):970-3 (1997} Zimumermann, et al., Biomererialy,
24(12):2083-96 (2003); Nuttelman, et al.,, Matrix Biel , 24(3%:208-18 (2005)
thus requiring supplementation of natural extracellular matrix such as
coflagen for improvement (Grohn, et al., Biotechnigues, 22(3):.970-5 (19971
13 Batorsky, et al., Blotechnol. Biveng., 92(4):492-500 (2005)). Furthermore,
sinee these systems avoid direct contact of the delivered cells with the host
tissue, they do not allow cell migration and penctration. This prevents their
use in regenerative medicine and tissue engineering, which entails
host-implant integration at cellular level. Natural extracellular matrices such
2 as collagen, fibrin and hyaluronic acid are suitable materials supporting cell
growth { Yannas, Natwral Materials, Ratner, et al. editors, Biomaterials
Selences — An introduction to materials in medicine, California, Academic
Press, pp.84-93 (1996)). However, there is no microencapsulation system for

these materials becaunse of their poor mechanical and shape stability (Yannas,

o]
LAy

Natural Materials, Ratner, et al. editors, Biomaterials Sciences — An

2
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mitroduction to materials in medicine, California, Academic Press, pp.84-93
(1996); Crevensten, etal., dun. Biomed. Eng., 32(3%430-4 (2004); Zhang, et
al., Appl. Binchem. Bintechnol., 134(1):61-76 (2006), which is incompatible
with the existing microencapsulation techniques (Uludag, et al., 4dv Drug
Deliv. Rev., 42(1-2):29-64 (2000)).

Existing encapsulation techniques include formation of emulsions
with an oil phase and generation of cell-containing droplets in a stirred
collection bath using a custonm-made droplet generator, or injection of cells
into preformed matrix microspheres or microcapsules using a microinjector
{Grohn, etal., Biotechnigues, 22(3):970-3 (1997); Batorsky, et al.,
Biotechnol. Bioeng., 92(4):492-500 (2005)). However, these methods
encounter problems when the matrix materials are low in concentration, or
with poor shape and mechanical stability such as collagen gel or hyaluoronic
acid gel. First, the cell-matrix droplets or emalsions formed barely survive
the shear stress generated upon stirring during emulsification or stirring in
the liguid collection bath, Second, stirring is required immediately after
addition of the cell-matrix phase to mix well with the oil phase during
emudsification and 0 prevent the cell-matrix droplets from fusing together
during droplet generation, This does not allow sufficient time for the
formation of cell-matrix microspheres if the phase transition of the matrix
takes a fonger time and fragmentizes the microspheres, leading to low
encapsulation efficiency.

Using living organisms with blosynthetic capability for large and
industrial scale production of useful biomolecules such as therapeutic protein

5 commonty used in biotechnology. Although & cofli and yeasts have been

3
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used for this purpose, the resulting molecules may differ from the natural
products beeause of the absence of co- and post-modifications mechanisms
in these microorganisms. Mammalian cells are therefore particularly good

sources for proteins and vaccines,  Culturing cells in suspensions can attain

Lh

high efficiency, reduce cost and favor mass production of therapeutic
proteins. However, not all cells grow successfully in suspension, only cells
such as hylwidomas and tumor cells, Microcarrier techuelogy has been
developed for decades to enable large scale 3D culiure by providing
signiticantly increased surface area that is particularly advantageous for

10 anchorage dependent eukaryotes.  Microcarricrs have been used for large
scale cell culiure as early as the 70%s.  The first generation microcarrier,
CYTODEX®, dextran microspheres with a cationic surface, has been used
scale up cell cultures by dramatically increasing the total surface area for cell

binding. The technology evolved in the 80's to include collagen-coated

Lty

dexiran beads, for better attachment and growth of cells and higher yield).
There has been a trend in coating or mixing the solid microcarriers with
natueal exiracellular matrix of cells such as vollagen-coated alginate beads
(Grohn, et al., Biotechniques, 22(5%.970-5 (1997)), gelatin-coated
poly-lactic-glycolic acid (PLGA) beads (Voigt, et al., Tssive Eng.,

200 B(2):263-72 (2002)) and gelatin-chitin composite beads (Li, et al., Biotechnol,
Let, 26(113:879-83 (2004)), or crosslinking with natural peptide sequence
governing cell adhesion and attachment such as RGD modified poly(ethylene
glycoly (Nattelman, et al., Mawrix Biol. 24(3):208-18 (2005)) to improve cell

attachment and growth. This has led to development of newer generations of

23 microcarriers, CULTISPHER® G, which are either solid (Liu, et al., Cell

4
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Transplant., 13(7-8): 809-16 (2004)) or porous (Bance! and Hu, Biotechnol
, 12(3):398-402 (1996)) gelatin beads, and CELLAGEN®, which are

porous collagen beads {Overstreet, et al., In Virro Cell Dev. Biol. dnim.,
39(5-6):228-34 (2003)). However, these systems employ technologically
demanding fabrication process for the bead preparations, making the

cmmercial preparations costly. The bead preparation has to be separated
frony the cell attachment procedure since most of the bead fabrication
systems employ harsh conditions such as bigh temperature, freeze-drying,

organic solvent extraction and chemical crosslinking treatment that cells do
not survive. Moreover, the cell attachment procedure is a rate-limiting siep of
the microcarrier enlture system (Sun, et al,, JJ Blosci. Bioeng., 90(1132-6
(2000)) requiring prolonged culture for cell attachment to the solid surfaces
or cell penetration into the porous beads (Bancel and Hu, Binfechnol. Prog.,
12(3):398-402 (1996)). As a result, simple bead preparation using natural
extracetlular matris materials without barsh fabrication conditions and
profonged cell attachment procedurea will improve the efficiency and reduce
the cost of the microcarrier culture system.

it is generally accepted that 3D eulture provides a platform for cells

to proliferate ra.pid?_}* in an unrestricted mamner (Geserick, et al., Biorechnol.
Bioeng., 69(3):266-74 {ZDOG}} for sealing up (Durrschmid, ot al., Biofechnol
Bioeny., $3(6):681-6 (2003)). However, the productivity of actively and
unrestrictedly proliferating cells is usually low because these cells may not

syathesize profeins at 8 maximal rate outside their tissue-specific

microenvironment and in actively proliferating cells, most of the metabolic

energy 1s devoted to reproduction rather than synthetic activities

:'j

PCT/IB2007/004413
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(Sanchez-Bustamante, et al.. Riotechnol. Biveng., 93(1):169-180 (2003)).
Controlled proliferation technologies such as starvation of cells for essential
nutrient or addition of DNA synthesis inhibitors S zoki and Ollis,

Biotechnol. Prog., 6(3):231-6 (1990)), isolation of specific cell lines such as

temperature shift to 39°C (Jenkins and Hovey, Biotechnol. Bioeng.,
42{9):1029-36 (1993)) and genetic manipulation with growth cycle
controlling genes such as over-expressing tumor suppressor genes pdi3

(Kastan, et al., Cancer Research, 51:6304-11 (1991)), p21 (Watanabe,

Py
o

Biotechnol. Bioeng., 77:1-7 (2002)) and p27 (Coats, et al., Sclence,
272:877-80 (1996)), are usually employed to enhance the protein
productivity of cells (U.S. Patent No. 6,274,341 to Bailey, et al.; Wurm,
Nature Biotechnol , 2(1111393-1398 (2004)). However, these profiferation

controlling strategies lead 1o reduced cell viability (Mercille, et al.,

o
A

Cytotechnology, 15(1-3):117-28 (1994)) and increased apoptosis (Ko and

...

Prives, Genes Dev., 10(9):1054-72 {1996)), Co-expressing the cefl cycle
controlling tumor suppressor genes with anti-apoptotic genes such as bel-2
has been used to improve the cell viability problem {U.S. Patent No.
6,274,341 to Bailey, et al.). However, this system requires complicated

20 designs for the veetor systems and complicated genetic manipulation that
interferes the cell metabolism internalty. Moreover, suto-regulated control
for biphasic proliferation and production cycles has been achieved by wsing
external repressable agent, tetracycline switch system (Mazur, et al.,
Biotechnol. Bioeng., 65:144-150 (1999)) to preserve the indueible

25 growth-arresting production phase when the optimal cell density is reached

&
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so that a longer windaw for enhanced productivity for 7 days can be
achicved. The advantages of this system include the use of external agents
that do not interfere with the overall metabolism of cells but the problems are
the downstream purification procedures eliminating this antibiotic, the

5 genetic mstability introduced by genetic maripulation as well as'the

inztability of tetracyeline in cultures. Recently, 3D multi-celiular
micro-tissue cullures using a hanging-drop method with enhanced protein
productivity in mammalian cells have been developed {Sanchez-Bustamante,
et al., Biotechnol. Bloeng., 93(1):169-180 (2003)).

H It is therefore an object of the invention to provide methods {for
making cell microcarriers that are relatively inexpensive, efficient and
favorable to cell viability, controlled proliferstion and production of
biomolecules, and the resulting cell matrix microcarriers.

It is a further object of the inveation to provide methods for use
15 thereof in cell therapy and tissue engineering and manufacturing of
biomolecules.
SUMMARY OF THE INVENTION
Amethod has been developed to produce stable cell-matrix
microspheres with up to 100% encapsulation efficiency and high cell

20 viability, using matix or biomaterial systems with poor shape and
mwechanical stability for applications including cell therapeutics via
micreinjection or swgical implantation, 3D culture for in virro expansion
without repeated cell splitting using enzymatic digestion or mechanical

dissociation and for enhanced production of therapeutic biomolecules, and in

25 witre modelling for morphogenesis studies.  The modified droplet

7
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generation method is simple and scalable and enables the production of
cell-matrix microspheres when the matrix or biomaterial system used has
low concentration, with slow phase transition, with poor shape and
mechanical stability.

The method uses a formulation including cells, a first extracellular
matrix (ECM), and other biomolecules. In the preferred embodiment, the
first ECM, being capable of providing support to the cells, interacting with
the cells to allow cell growtly without introducing toxicity, and permitting
cell migration and penetration, is a collagen, or other material that supports
cell growth and migration and has phase transition properties at conditions
mild enough to support cell survival, such as, fibrin and hyaluoronic acid.
The composttion can include a second ECM, sueh as a proteoglyean or GAG.
These can interact in such a way that the interaction leads to a change in
cellular responses in growth and differentiation and physical properties of
microspheres such as the volume of the structures, ECM density, cell density,
mechanical property and stability, ete.  The composition can also inclade ¢
growth-stimulating signal such as human serum, platelet rich plasma or other
blood products. Therapeutic components such as anti-inflammaiory drugs
and antibiotics can also be incorporated into the composition.

The method of forming microspheres includes the steps of mixing
and dispensing the composition into liquid droplets in the right order and the
right time with a dispensing unit. The pH of the first matrix is adjusted to be
suitable for eell survival.  The cell suspension and other biomolecules are
mixed thoroughly with the matris components as soon as possible to evenly

distribute cells throughout the solution form of the matrix before accelerating

§

PCT/IB2007/004413
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phase transition. The Hiquid droplets are collected with a dry collection
platform without mechanical disturbance. The platiorm has a surface
property for maintaining the spherical shape of the hquid droplets, such as

high surface tension. By maintaining the temperature low, the rate of matrix

wn

phase transition can be controlled as low ag possible at a range between 2
minutes to 10 hours depending on the matrix concentration, preferably 30
minutes. The volume of the microspheres dispensed is preferably about 2.5l
The diameter of the dispensed liquid droplets is preferably 2mm. In addition,
the method comprises accelerating the rate of matrix phase transition after

1 dispensing by raising the {emperature at the collection platforin preferably to
37°C. The matrix components of the liquid droplets ave allowed to undergo
phase transition to form cell-matrix microspheres for a period of time,
sufficient for phase transition to reach squilibrium.

The microspheres are stabilized by colleeting the cell-matrix

L2y

mierospheres from the collection platform with minimal mechanieal
disturbance; maintaining the microspheres free-floating in a first medium for
an extended period of time until the size of the microspheres becomes
substantially constant; and releasing the microspheres from the first medium.
The microspheres can be maintained free-floating cither by keeping in

20 suspension status in non-adhesive culture dish such as a Petri dish, or by
culturing the microspheres in spinner flask or rotating vessel bioreactors, The
sive and mechanieal strength of the microspheres can be controlled by
comtrolled by at least one of the following parameters:: cell density, collagen

coneentration, serum concentration, compaosition of the ECM, ratio of the

pa
L

first and second ECM, volame of the liquid droplets, duration of the

G
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free-floating status of microspheres,  Increasing cell density, decreasing
matrix concentration or decreasing volume of liquid droplets decreases size
and increases stability of cell-matrix microspheres,
A system for producing microspheres includes the composition
5 deseribed above, a dispensing unit for dispensing the composition into liquid
droplets: and a collection platform for collecting the dispensed liguid
droplets, comprisiag a surface witha surface property such that the spherical
shape of the microspheres can be maintained; and for gelation of the matrix
to form cellamatrix microspheres.  The system can further comprise a
) conwrol unit for controlling the dispeusing speed and volume, as well as a
temperature control unit for maintaining the temperature of the composition
during dispensing and during phase transition of the matrix.
The cell-matrix microspheres consisting of undifferentiated and
viable cells can be injected or implanted, for example, for tissuc repair or

regeneration.  The methed wieludes the steps of sedimenting the

U

microspheres; removing the excess supernaiant; re-suspending the
microspheres in a liquid for injection or implantation; adding the
microsphere suspension in the container for injection or implantation: and
injecting or implanting the microspheres into defective tissues i3 animals or
0 homans such as a skin wound or an injured cartifage.In one embodiment, the
method inclndes injecting or implanting the cell-matrix microspheres
consisting of specifically differentiated and viable cells, wherein the matrix
embeds these cells into defective tissues of animals or humans,  The cell
matnix microspheres are also useful for 3D cultures.  These have numerous

23 advanlages over the existing microcarrier systems. The system can be used

10
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culture protein-secreting cells in physiologically relevant microenvironment
with siguificantly increased protein productivity via matrix-induced
proliferation control as compared to monoelayer cultures with unrestricted
proliferation.

BRIEF DESCRIPTION OF THE DRAWINGS

(¥ 41

Fig. I is a schomatie drawing showing the production setup for

making cell-matrix microspheres.

Fig. 2.is a flow chart showing the production of mechanically stable
cell-matrix microspheres with controllable size.

10 Fig. 3 i3 a flow chart showing the method controlling of the cell
migration [rom the cell-matrix microspheres

Fig. 4A, 4B and 4C are graphs showing changes in diameters of
hMSC-collagen microspheres (microns) against time (howurs) as functions of
cell density (Fig, 4A), collagen concentration (Fig. 4B) and droplet volume

15 (Fig. 4C).

Fig. 5A and 5B are graphs of the cell number (Figure SA) and
viability of encapsulated hBMSCs, cell number over time post-encapsulation
(days). All data are presented as mean +/- SID.

Fig. 6A-0D) are graphs showing cell number versus cell density in

20 microspheres. cells/ml, (Fig. 6A), cell number versus plating density,
microspheres/em” (Fig. 6B), cell number, 95% CI versus monoplating, 31
first plating, 31% second plating, 3D third plating. and 3D fourth plating, (Fig.
6C), and microsphere number for the first, second, third and fourth plating

{Fig. 6D). The central line is the median; the upper most and lower most bar

10
iy

. st oyt &l S . . ¥
are the 2.53" and 97.5" percentile of data. respectively; the upper and lower

i1
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limit of the box are the 25" and 75" percentile of data, respectively, showing
showed the number of cutgrowing cells as functions of cell density (Fig. 6A)
and plating density (Fig. 6B}, Error bar plot {data are presented as mean +/~
95% Confidence [nterval) compared the cell number between monolayer

culture and 3D microspheres (Fig. 6C); Box plot showed the number of

th

microspheres at different platings (Fig. 6D).

Fig. 7 is a bar chart showing the number of single-cell derived
colonies formed from cell cutgrowths from the hMSC-collagen micraspheres,
in two subjects, comparing mono, first, second and third platings.

10 Fig. 8A and 8B are graphs showing the extent of fibroblastsinduced
coniraction of collagen gel (mm) in the presence of glyeosaminoglycans at

different eell densities (G:C, 3:1, 111, 1:3, no GAQG) over time (days).

*)

Fig. 9 is a graph showing the temporal change in diameter (mm) of
the cell-matrix microspheres encapsulating cells at different densities: 50,
{5 300 and 3000 cells/microsphere over time (days).
Fig. 10A and 108 are graphs of the cell viability (10A) and number
(108) of HEK293 cells in 3D microspheres and monolayer cultures with
different initial cell numbers: 2500, 25,000, 250,000 cells,
Fig. 11A and 11B are graphs showing the temporal change in cell
20 viabilily, percent (3A) and cell number (3B) of HEK293 cells in 3D
microsphere and monolayer culiures over time in days.
Fig. 12A-F are graphs showing GDNF productivily in HEK293 cells.
Accumulative secretion (ng GDNF) {(Fig. 124) and rate of secretion (ng

GDNFmillion cells/day) (Fig. 12B) of GDNF from HEK293 celisin 3D

od
L )

microspheres and monclaver cultures over time in days, Total GDNF (ng)

12
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secreted from (Fig. 12C) and secretion rate (ng GDNF/million celis/dayyof
HEK293 cells in 3D microspheres and monolayer cultures with different
initial cell numbers (Fig. 12F). Total GDNY (ng) scereted from (Fig. 12E)
and secretion rate (ng GDNF/million cells/day)of HEK293 cells in 3D
microspheres and monolayer cultures (ng GDNF/million cells/dayywith
ditferent serum concentrations: 2, 5, and 10%.

Fig. 13A and 13B are graphs of the cell viability, percent {13A) and
number (13B) of HEK 293 cells in 312 microspheres and monoelayer cultures
with different serum concenirations: 2, 5, and 10%.

Fig. 14A and 4B are graphs of the amount (micrograms) GAG (Fig,
14A) and GA/DNA (Fig. 14B) in samples with different cell seeding
densities, 0. 0.5, 1, and § x 10%ml, for different collagen concentrations:
0.5, 1.0, 2.0 and 3.0 mg/ml,

DETAILED DESCRIPTION OF THE INVENTION
i Definitions

As used herein, encapsulated in microspheres refers to formation of
a nanofibrous microsphere having embedded therein cells as a result of a
phase change of the material forming the microsphere.

As used berein, “BCM™ vefers to an extracellular matrix material, in
pure, isolated, partially isolated, recombinant or synthetic form, ora
synthetic material having comparable physical and biological properties (o
ECM

As used hereln @ mechanically stable microsphere, is one that, atter
reaching equilibrium, ean be mechanically manipulated by foreeps and are

resistant to the shear stress and turbulenece generated during pipetting up and

13
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down at rapid rate such as 20mimin or even vortexed with maximal speed.
it Materials for Manufacturing Cell-Matrix Microspheres

A method has been developed (o produce stable cell-matrix
microspheres with up to 100% encapsulation efficiency and high cell
viability, using matrix or biomaterial systems with poor shape and

o cell therapeatics via

mechanical stability for applications includin
microinjection or surgical implantation, 3D culture for ip vifro expansion
without repeated cell splitting using enzymatic digestion or mechanical
dissociation and for enhanced production of therapeutic biomolecules, and in
vifro modeling for morphogenesis studies.  The modified droplet geheration
method is simple and scalable and enables the production of cell-matrix
microspheres when the matrix or biomaterial system used has low
concentration, with slow phase transition, with poor shape and mechanical
stability. The method uses a formulation including cells, a first extracetiular
matrix {ECM), optionally a second ECM, and other biomeolecules,

A ECM Materials

The composition includes at least one FCM.  The ECOM niust be
capable of providing support to the cells, interacting with the cells to allow
cell growth without introducing toxicity, and penmitting cell migration and
penctration, can be collagen of different types, such as type [, 1L and 111, or
any materials that are good in supporting cell growth and migration and have
phase transition properties at conditions mild enough to support cell survival,
such as. fibrin and hyaluoronic acid. The collagen used can be of bovine
origin sucl as those used in FDA-approved skin equivalents Integra® and

Apligrafi® and the sofl tissue fillers or products that have been used

14
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¢linically for wrinkle reduction such as Dermal.ive and Dermaleep
(Bergeret-Galley, et al., desthetic Plase. Swrg., 25(4):249-55 (2001}, or for
urinary incontinence treatment (Corcos, et al., Urology, 65(5):898-904
(2005)). The ECM can be derived from either natural or synthetic sources,

and it can be induced to reconstitute into solid form under specific conditions

L

that are mild enough to sapport cellular survival and growth. The ECM can
be produced from iselation or extraction from various animal sources, such
as rat tail, poreine skin, bovine Achilles tendon, or human placenta.
Preferably, the first ECM s isolated from different fractions daring the.

1 extraction process, such as acid-soluble, pepsin-soluble, or insoluble
fractions.

The composition can further comprise a secord ECM, which can be a
proteoglycan or glycosaminoglyean ("GAG”) produced from shark cartilage,
fibrin, elastin or hyaluronie acid. The first ECM can interact with living cells

15 pr with the second ECM in such a way that the interaction leads to a change
in cellular responses in growth and differentiation and physical properties of
microspheres such as the volume of the structures, ECM density, cell density,
mechanical property and stability, ete.

The matrix componenis also include olher hydrogels whose

20 fabrication conditions are mild enough te maintain high eell viability after
encapsulation without the use of organic solvents or other substances toxic 1o

cells, and without harsh conditions, such as alginate gel which is geiled by

addition of calciom.

B. Cells
25 The cells may be mature cells or stem eells from human or clinically
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feasible sources, such as autologous, allogeneic, fetal, embryonic and
xenogenic sources. The cells can be of diverse origin,  In preferred
embodiments, cells are human bone marrow derived mesenchymal stem cellg
(WMSCs), human embryonic and fetal stem cells capable of therapeutic use,
5 adult stem cells isolated from sources including but are not Himited to human

skin, G tract, adipose tissue, placenta, and adult cells capable of therapeutic
use such as those from healthy biopsies of the intervertebral discs, cartilage,
museles, skin, tendon and ligament, ete.  The cells can be genetically
manipulated to over-express one or more specific biomolecules such as

10 profeins or phystologically active in secreting one or more specific
biomolecules such as proteins, examples are HEK 293 cells, 313 fibroblasts,
osteasarchoma cells, C2C12 cell lineg, human bone marrow derived
mesenchymal stem cells (hMSUs), ete.  The cells can also be obtained from
allogenic sources capable for therapeutic use, such as rabbit MSUs, mouse:

15 MSCsand other animal cells for therapentic use in animal disease models.
Preferably, the cells are bone marrow-derived mesenchymal stem cells
(MSCs), either autologous or allogeneic from HLA-matched donors.
Preferably, the mature cells are keratinoeyies isolated from biopsies of
healthy skin from burn patients; chondrocytes isolated from biopsies of

20 healthy articular cartilage from osteoarthritis patients; intervertebral disc
vells isolated from biopsies of healthy dises from patients with severely
degenerated dises; or Schwann eells isolated from autologous peripheral
nerve gralts in patients with spinal cord or other CNS injuries.

o

The examples utilized HEK293 secreting GDNF as an example of

3
)

production of biomolecules. Other cells such as 373 fibroblasts and CHO

16
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cells can be used while other useful biomolecules such as glycoproteins and
proteoglycans can also be used.
¢, Optional Growth Factors

The composition can also include a growth-stinulating signal such as
g = & -]

ey

human serum, platelet rich plasma or other blood products. Preferably, an
additional factor affecting the differentiation of M8Cs is included in the
composition. Exemplary factors include TGF-beta for chondrogenie
lineage.

B Cell Culture Media
10 The aquecus media can be coltore medium, with or without serum,
buffered saline, or other liquid phase compatible with cell viability and with
suitable ionic strength.  Typical mediums include DMEM, DMEM-LG,
MEM, and RPME

E. Optional Therapeutic, Prophylactic or Bioactive Agents

ik
(¥4l

The formulation can also include therapeutic, prophylactic or
diagniostic agents.  For example, therapeutic components such as
anti-inflammatory drugs and antibioties can also be incorporated info the
composition. Diagnostic agents such as dyes or radio-opaque agents can be
incorporated.  Preservatives can be included for siorage.

28 HI Method of Making Cell-Matrix Microspheres

The system for producing microspheres includes the composition
deseribed above, a unit for dispensing the composition as liguid droplets; and
a collection platform for collecting the dispensed ligquid droplets, comprising

a surface with a surface property such that the spherical shape of the

R
LA

microspheres can be maintained; and for gelation of the matrix © form

17
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cell-matrix microspheres.  The substratum onto which the droplets are
dispensed can be a parafilm wrapped or a gelatin coated, or other material
having similar surface properties, plastic or metal or glass platform having a
high surface tension to maintain the spherical shape of the droplets as much
S as possible. The system can further comprise a control unit for controlling
the dispensing speed and volume, as well as a temperature control unit for
mainiaining the temperature of the composition during dispensing and during
phase transition of the matrix.
The method of forming microspheres includes the steps of mixing

10 and dispensing the composition into Hquid droplets in the right order and the
right time with g dispensing unit. The pl of the ECM matrix is adjusted to
be suitable for cell survival. The first and the second matrix are mixed well if
specilic interaction between these contponents is needed. The cell suspension
and other biomoalecules are mixed thoroughly with the matiix components as

15 sovenas possible to evenly distribute cells throughout the solution forming
the mateix before aceelerating phase transition. The dispensing unit can be
manual or automatic. The Hquid droplets are collected with a dry collection
platform withoui mechanical disturbance,

The platform has a swrface property for maintaining the spherical

20 shape of the liguid droplets, such as bigh surface tension. The dispensing
environment is maintained at a temperature between -5 to 20°C, 010 15°C,
or more preferably between (°C to 10°C. By maintaining the temperature fow,
the rate of matrix phase transition can be controlled as low as possible, for

example, within a range between 2 mintes to 18 hours depending on the

{2
Ly

matrix concentration, preferably 30 minutes. The volume of the microspheres

18
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dispensed is controlled at between about 0.01 to 100ul, 0.05 o 504, 0.1 w©
204, 0.1 to 10pl, 0.5 1ul, or preferably about 2.5ul. The diameter of the
dispensed Hquid droplets ranges from 0.5mm to 3mm, preferably 2mm.
Sal-gel transition process of the lguid matrix is initiated by
controlling the temperature, the pH and the ionie strength of the liquid

1

environment at appropriate time,  The temperatare is raised from 4°C {o
10°C, 16°C, 25°C, 37°C and preferably 37"C. The pH i raised from 2 1o 3,
6, 7, 8, great than 8 and preferably 7. The speed of gelation of the gelling
malrix can be slowed immediately after inihating the gelation by mamntaining
the temperature of the mixtures as low as 4°C. The speed of gelation of the
gelling matrix can be increased immediately after dispensing the gelling
matrix into droplets at the collecting unit by raising the temperaiure of the
mixture o 37°C or by increasin ¢ the 1onic strength of the solution.

The matrix components of the liquid droplets undergo phase
fransition to form cell-matrix micrespheres for a period of time sullicient for
phase transition to reach equilibrium, typically for about 10 to 30 minutes, 13
to 60 minutes, 0.3 1o § hours, preferably 45 minutes,

The gelled droplets are detached or released from the collecting
platform by gentle flushing with liquid such as culture medium and
phosphate buifered saline, or inmersing the platform in a lquid bath with
gentle agitation, or other appropriate methods mild enough o retain the
integrity of the soft microspheres.  The microsphieres are stabilized by
collecting the cell-matrix microspheres from the collection platform with
minimal mechanical disturbance; maintaining the microspheres free-floating

ina first medium for an extended period of time until the size of the

19
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miicrospheres becomes substantially constant; and releasing the microspheres
from the fivst medium. The microspheres can be maintained free-floating
either by keeping in suspension in non-adhesive culture dish such as a Petxt
dish, or by culturing the microspheres in spinner flask or rotating vessel

5 bioreactors. The microspheres can be maintained free-{loating from 2 hours
to 10 days, 12 hours to & days, or about 2 to 7 days, most preferably 3 days.

The temperature can be maintained atabout 25 to 45 °C, 30 1o 40°C, or abowt

L
e, 3

°C,

The size and mechanical strenpth of the microspheres can be
Y comirolled by at least one of the following parameters: cell density, collagen
concentration, serum concentration, composition of the ECM, ratio of the
first and optional second ECM, volume of the liguid droplets, and duration ef
the free<floating status of microspheres,  The mechanical strength and size

of the microspheres ean be controlled by at least one of the parameters

L <]

mentioned above, For example, the initial cell density or the cell number per
microsphere can be controlled at a range bebween 1 to 2500, 1 1 1000, 1 to
300, or about 250 cells/microsphere; concentration of the first ECM can be
controlled at a range between about 0.01 to 10.0 mg/ml, 0.1 to 5.0 mg/mi,
0.1 to 3.0 mg/ml, or about 0.5me/mil; the ratio of the first ECM to the second

20 BECM can ranged from 111010 10:1, 1:5to 5:1, 1:2 to 2:1, or about 1:1: the

“d

seruin concentration can range from 0.1% to 0%, 0.5 10 30%, 1 to 25%, 5%

s

to 13%, or about 10%. Increasing cell density, decreasing matrix
eoneentration or decreasing volume of lguid droplets decrenses size and
increases stability of cell-matrix microspheres.

23 The size of the microspheres can be precisely controfled by multiple

20
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parameters including, but are not limited to, the initial cell density or the cell
number per microsphere, ranging from 1 to 2500 preferably 250 cells per
microsphere; the concentration of the collagen ranging from 0.1 10 8.0
preferably 0.5 mg/ml; the serum concentration ranging from 2 to 20
5 preferably 10%; and the ratio between different matiix components such as

collagen to GAGSs ranging from 18:1 to 1210 preferably 1:1.

Formulation parameters of cell-matrix microspheres can be optimized
{or better differentiation of encapsulated stem cells,  For example,
collagen-mesenchymal stem cells (MSC) microspheres can be prepared with

13 different parameters such as cell density and collagen concentration.
Farameters ean be varied 1o give optimized differentiation outcomes such as
A Us production. Cell density between 1x10% 10 1x 107 cells per mi,
preferably Sx10° cells per mi, can be used.  Increasing cell density favors
differentiation of human MSCs inside the microspheres into

15 chondrocyte-like cells, Collagen concentration between 0.1 to 10mg/ml,
preferably 2mg/ml, can be used.  Incrcasing collagen concentration favors
differentintion of human MSCs inside the microspheres into
chondrocyte-like cells. Therefore these parameters can be optimized to give
the best differentiation outcome during tssue regeneration,

20 In a preferred embodiment, the mechanical strength of the
microspheres 1s controlled by controlling initial cell density or the cell
number per microsphere, ranging (rom 1 to 2500 preferably 250 cells per
microsphere; the initial concentration of the collagen matrix ranging from 0.1

to 8.0 preferably 0.5mg/Aml: the serum concentration ranging from 2 to 20

fudd
o

preferably 10%: the ratio between different matrix components such as.

21
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callagen to GAGs ranging from 10:1 to 1;10, preferably 1:1.; and the
duration of the free-floating incubation ranging from 2 hours to 14 days,
preferably 48 hours,  Increasing cell density, decreasing matrix
concentration and decreasing volume of liquid droplets dispensed, decreasing
5 GAGs composition, increasing serum concentration and an increasing
free-floating incubation {ime result in an increasing mechanical strength of
microspheres obtained.
Fig. 1 shows a schematic drawing of a system 10 for producing the
cell-matrix microspheres. The sysiem 101 comprises a dispensing unit 108,
10 which consists of a manual or automatic dispenser 102, & control unit 104
controlling the volume of the dispensing Hiquid, the speed of dispensing and
X-Y position of the dispenser, and a cooling unit 16 {or ice chamber)
accommaodating the dispensing unit 108 at around 4°C, The system also

inchudes a collecting unit 108, which consisis of a scalable colleciing

P

platform 11 with non-adhering surface, a moving X-Y-7 stage 112 to which
the collecting platform is mounted, a plale control unit 114 controlling the
speed, frequency and direction of movement of the moving stage. The
system may be manual or automatic, custom~-made, or modified from
commercially available instruments such as Hquid handlers,

20 The method of forming microspheres via the system 101 comprises
dispensing small liquid droplets such as 0.5 of mixtures containing the
cells, the aqueous media and the liquid matrix, mixed in the vight order of
sequence and timing. The rate of mairix phase transition can be controlled by

adjusting the temperature of the dispensing chamber side and is maintained

b
|95

slow by keeping the temperature low at the dispending side. The diameter of

£
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the droplets range from {.5mm to 3mm, preferably 2mm, The liquid droplets
collected at the collection platform arve allowed to gel at 37°C for sufficiently
fong 1o form the solid cell-matrix microspheres. The microspheres are

released from the collection platform and maintained free-floating in culture

LAy

conditions until stable microspheres are formed.

Figure 2 shows a method of producing cell-matrix microspheres with
controllable size and mechanical strength. The size and mechanical strength
of the microspheres are controlled by multiple parameters including, but not
himited to, the volume of cell-matrix mixiure, the cell density or cell number
16 per microsphere, the matrix density, the ratio of different matrix composition,

the serum concentration, the volume of the liguid droplets dispensed and the
duration of free floating incubation of the cell-matrix microspheres.
The method comprises Step 200: maintaining the gelied cell-matrix
microspheres free floating or in suspension in static non-adhesive culture
15 wvessels, such as those for bacterial culture, or it spinning or rotating culture
vessels, after releasing or detaching them from the non~-adhesive collection
platform 110, for sufficiently long period of time, ranging from 2 hours to 14

days. preferably 72 hours. Step 202: collecting the microspheres by flushin

ﬂ‘:‘r

the microspheres with a medium on the collection platform 110, Step 203

1)

{4 involves allowing the microspheres to maintain for a period of time. Step 204:
Examimne the size of the microspheres until equilibrium is reached, i.¢., the
size of microspheres beconie constant, Step 206: vollect the mechanically
stable microspheres for injection or implantation or 3D cultures.

The duration of free floating depends on the rateof the cell-matrix

25 interaction before reaching equilibrium where the size of the microspheres
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becomes constant. The rate of interaction is thus cell fype and matrix type
dependent. The diameter of the cell-matrix microspheres at equilibrium
should be appropriate for in vive therapeutic injection, ranging from 50 lo
800 microns, preferably 300 microns,
IV, Method for Modifying Cell Bebavior after Formation of
Cell-Matrix Microspheres
Cell migration from microspheres can be manipulated by providing a

mechanical suppori 0 the microspheres by plating them onto a solid
substratum ol culture dishes or placing them into a gelling matrix or onto a
gelled matrix; plating the microspheres into a culivre dish or gelling matrix
or oo gelled matrix wherein each microsphere is kept at a distance from
cach other; adding a second medium into the culture system for holding the
microspheres: allowing cells to migrate out from the microspheres for a
period of time: and releasing the microspheres from the attached substratum
and the second medium.  The microspheres are typically held in the culture

sysiem for a period of time before the second medium is added, for example,
30, 60, 90, or 120 minutes, preferably 60 minutes, The steps can be repeated
several times to allow full migration of the cells. For example. the steps can
be repeated 3, 5, 7, and ‘;31'&:5%1‘&%!1}" 10 times. The period of time for cell
migration can range from 2, 4, 12, 48 hours o 12 days, preferably abont 3
days. The cells that migrate out from the microspheres are allowed to grow
for a period of time and can be harvested for future use or re-encapsulated.
The culture system can be a 2D or 3D envivonment.  The medium is

preferably DMEM, DMEM-LG, MEM, or RPMI.

24



WO 2008/075206

Y, The Cell-Matrix Microspheres

The cell-matrix mierospheres produced are mechanically stable and
able to resist shear stress produced during rapid injection at a flow rate of as
high as 20ml/min, are able to survive mechanical manipulation such as
picking up and down by forceps, and arc able to survive turbulence produced
during vortexing at maximal speed,

The collagen and other matrix provide the natural microenvironment
stimulating growth of the cells, protect the cells from enzymatic digestion at
the local hostile environment upon injection or unplantation, immobilize
solable reagents, stimualating growth and differentiation i necessary, and the
adhesive cell-matrix microspheres easily fuse together with the host lissue
and Gl any irregular gaps with the host tissue, therefore filling the tissue
defects. The cell-matrix microspheres are permeable to free exchange of
nutrients and metabelites, According to the rules of mass transfer in 3D
tissue-like structures, the dimension of tissue-like siructure is limited
(Musehler, et al., /. Bone Joint Surg. Am., 86-A(7):1541-38 {2004)). While in
the 31 cell-microsphere system, the size of the microspheres can be always
controlled to as small as 100-300 microns, which is the suitable dimension of
30 structures with sufficient nutrient exchange. Another factor affecting the
size of the microsphere is the matrix concentration. A higher concentration
results e stiffer matrix and therefore the traction force generated as the

cells interact with the low concentration gelling matrix s not sutficient to

produce a large extent of volume reduction. In addition, the encapsulated

cells are able to migrate out the microspheres to integrate with the host tissue

or grow rapidly when there i a clogse contact between the microspheres and

23
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the attached environment such as the host tissue thus may promote
implanis-host integration and engraliment rate,

The cell-matrix microspheres can also be used to immobilize other
therapeutic molecules, for example, factors inducing specific differentiation

Hineage such as Transfornting Growth Factor (TGF) beta for chondrogenic

j 43

dilferentiation, and anti-inflammatory drugs.

‘The method includes steps of controlling the amount of cells obtained
and the speed of obtaining such nunber of ¢ells in a prediciable manner by
factors including but are not imited to the plating density of the

10 microspheres ranged from 0.5 to 500 preferably 5 microspheres per om®; cell
density ranged from 1 10 2500 preferably 250 cells / microsphere:
concentration of matrix such as collagen ranged from 0.1 to 5.0 preferably

. 5mg/ml; collagen to GAGSs ratio ranged from 1:10 to 10:1 preferably 1:1;

serum concentration ranged from 2 to 20 preferably 10%. An increasing

L2

plating density, an increasing cell density with a decreasing matrix
concentration, a decreasing collagen to GAGs ratio and an increasing serum
concentration result in an increasing number of cells obtained and an
increasing speed of obtaining such number of cells.

Figure 3 shows a method of controiling the migration and growth of
0 encapsulated cells. Step 300 involves production of mechanically stable
microspheres according 1o the steps described in Fig. I and Fig. 2. Step 301
involves providing a mechanical support for the mictospheres to attach, in
the absence of medivm supplementation, for a period of ime sufficient for
attachment, 5 minutes to 60 minutes, half an howr o 6 howrs, preferably 45

25 minotes, via Steps 302-304. Step 302 and 303 involves plating microspheres

26



WO 2008/075206 PCT/IB2007/004413

L

10

-
wa

20

{302a) onio the solid substratum of a culture dish and a layer of collagen gel
{303a), respectively. Step 304 invelves suspending microspheres in a volume
of gelling collagen matrix (304a) and cast the mixture inte a culture dish for
gelation by raising the temperature to 37°C. Step 308 involves adding full
mediom (303a) into the euliure dishes without digturbing the attached
microspheres, Step 306 wmvolves allowing cell migration (306b) rom the
circumference of the microspheres for a period of time, from 12 hows 1o 3
days, from 2 days o & davs, from 4 days to 14 days, preferably 3 days. Step
307 involves retrieval or releasing of the cell-matrix microspheres from the
attached substratum by methods such as gentle flushing the substratum with
full medium. Step 308 mvolved immediate supplementation of full medium
to the culture dish where the migrated cells (3082} are-allowed 1o continue {o
grow with regular medinm change. Step 309 involves recvele of the detached
microspheres for plating and cell outgrowths in steps 301-307 (not shown).
The cells migrated can be harvested in Step 318 for future use.

The method includes providing attachment to the floating
microspheres by plating the contracted cell-matrix microspheres onto an
adhesive substratum such as culture dishes i the absence of medium for
certain petiod of time ranging from 30 minutes to 12 hours, preferably 43
minutes, untll attachment is-achieved.  The method also includes steps of
replenishing the microspheres with sufficient medium without disturbing the
attached microspheres.

The method includes steps of allowing cell sutgrowth from the

attached cell-matrix microspheres.  The eollagen matrix is permissive to

cell migration.  Together with the population pressure built up in the fully
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contracted cell-matrix microspheres, it results in cell ontgrowth from the
periphery of the attached microspheres onto the substratum or surrounding
environment and the migrated cells proliferate, Cell outgrowth is induced for

a certain period of time ranged from 12 hours to 14 days preferably 3 days.

5 The method includes removing the attachment of the cell-matrix

migrospheres when sufficient number of cells migrate out from the
micrasphieres that the microspheres are surrounded with cell outgrowths.

This occurs at 12 hours to 14 days, preferably 3 days. The stép does not need

enzymatic digesiion such as trypsinization, which may change the surface

10 markerand cellular activities, and without mechanical disruption of the
microspheres; but simply by flushing the microspheres gently with medium
or PBS or by picking up with forceps.

The cell-matrix microspheres are intact and are collected by
sendimentation or mild centrifugation ranged from 800 to 2000pm

15 preferably 1000rpm,

The cell-matrix microspheres can be replated in new empty culture
vessels multiple times, up to 10 platings depending on the microsphere size,
cell density per microsphere, so as to provide large number of cells in the
same passage without ehanging the cell growth and differentiation potential

20 aswell as surface markers.

The method can be used to provide cells on demand by maintaining
the cell-matrix microspheres in suspension for at least one week il no cells
are needed. The free-floating microspheres are provided with attachmennt in

order to allow cell migration and owtgrowth until canfluence for future use

L2

The method enables the constant supply of cells
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from the same passage in the cell-matrix microspheres by plating the
microspheres for multiple times until the cell migration ceases, The
migrated cells can be obtained at regular intervals, preferably daily, for a
period of time ranging from 2 to 30 days, preferably 10 days, that is the
period of time necessary for building multi-layered heteragenous tissue-like
strueture including, but are not limited to, the VD, GI tract and blood
vessels,

The cell-matrix microspheres can be dissembled simply by enzvimatic
digestion specific to the matrix components of the microspheres; such as
collagenase for collagen, chondroitinase for chondraitin sulfate GAGs. The
single cell suspension can be used further.

The natural extracellular matrix materials such as collagen used to

encapsulate cells provide a physiologically relevant microenvironment in 3D

to the encapsulated cell by forming cell-matrix microspheres. The tissue-like
matrix microenvironment imposed on the encapsulated cells constrains cell
profiferation. As a result, the cells are temporarily controlied tor proliferation
and the cell number in 3D microspheres increases only slightly higher than 2
fold on day 4 while cells in vaditional monolayer cultures increase over 20
fold for the same period of time. The proliferation index for cells in 3D
microspheres is consistently lower than that in traditional monolayer culture
at different time points and for different cell densities. This method presents
a naturally ocewrring and externally applied conirol for proliferation that no

cenetic manipulation on cell metabolism is needed.
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iV, Applications

A Tissue Repair or Regeneration

The methods and cell matrix microspheres are useful for treatmient of
cardiovascular diseases such as repair of myocardial infarction, for

S newrological diseases such as spinal cord injury and for muscuioskeletal

diseazes such ag cartilage injury, dise degeneration and muscular dystrophys.
Services or products associated with stem cell therapies can also uge the
method and cell matrix microspheres to culture stem cells in 3D or in
combingtion with monolaver cultures, o produce stem cells in large quantity

1,

10 and with a request-by-demand approach without changing their identity,
self-renewal and differentiation capacity.

The cell-matrix microspheres consisting of undifferentiated and
viable cells can be injected or implanted, for example, for tissue repair or
regeneration.  The method includes the steps of sedimenting the

{5 microspheres for a period of time, preferably 10 minutes or cenirifuging the
microsphere suspensions mildly at a speed of 800-2000rpm, preferably
800rpm, for a period of time, preferably 5 minutes: removing the excess
supernatant; re-suspending the microspheres in a hiquid for injection or
inplantation such as saline or medium or phosphate buffered saline or a low

20 concentration hydrogel such as collagen gel with a known volume; adding
the microsphere suspension to a container for injection or implantation such
as a syringe with G18-G30 needles, preferably G27; and injecting o
implanting the microspheres intw defeciive tissues in animals or humans such

as-askin wound or an injured cartilage.

-2
LA

In one embodiment, the method includes injecting or implanting the
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celi-matrix microspheres consisting of specifically differentiated and viable
cells, wherein the matrix embeds these cells into defective tissues of animals
or hmans.  The method comprises adding differentiation mediuny where
chemical signals such as TGF-b is included in the microsphere suspensions
for a period of time sufficient to induce chondrogenic differentiation of stem
cetls present in the microspheres into chondrogenic cells: allowing the
microspheres with differentiated ¢cells to sediment for a certain period of {ime,

preferably 10 minutes, or centrifuging the microsphere suspensions mildly at

a speed of 800-2U00rpm, preferably 800rpm, for a period of time, preferably

5 minutes; removing the excess supernatant; re-suspending the microspheres
i a liquid for injection or implantation such as saline or medium or
phosphate buffered saline or a low concentration hydrogel such as collagen
gel with a known volume; adding the microsphere suspension in the
container for injection or implantation such as a syringe with G18-G30

needle, preferably G27; and injecting or implanting the microspheres into

cartitage.  The microspheres can be used for cell therapy via injection or
implantation for disorders including, but are not Hmited to, those of the
musculoskeletal, cardiovaseular and neurological systems.

The ccll-matrix microspheres can be used as long terin sources for
ceils from the same passage without the need for cell splitting as
conventionslly used in both monolaver culture and seeding cells on 3D
scalfolds such as using repeated enzymatic digestion and mechanical

disruplion.

1.3
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B, Cell-Matrix Mierospheres as BioReactors
Comparies that provide services or products associated with 3D
mictrocarriers in culture of cells, genetically modified or not, for preduction
of therapentic biomolecules such ag but not limited to growth factors, can use
5 the methods and compositions to produce self-assembied microcarriers that
further enhance the yield of therapeutic molecules produced. Cell-matrix
microspheres can be used for 3D cultures as waditional microcarsier culfures
used in biotechnology and pharmaceutical industries. They can be cultured as
suspensions so-as to easily ncrease the bed volume and scale up the culure
1 system. Comparing with traditional microcarrier cultures, the method
provides seversl important advantages in enhancing efficiency and reducing
cosls. Cells are immobilized within the gelling matrix at almost 1009%
encapsulation efficiency that almost all cells can be encapsulated, This

encapsulation procedare takes only 30-60 minutes in static cullure conditions.

LA

ooy
[
L

On the other hand, traditional microcarrier culture system needs a
time-consuming and inefficient cell binding procedure to allow cells to bind
to the surface of the pre-{fabricated microcarriers in suspension.  In order to
increase the efficiency of cell binding to the pre-made microcarriers,
complicated culture vessel design such as rotating vessel bioredctors.

20 perfused bloreactors, spinning flasks and other methods such as constant
agitation are needed. This cell binding step sonietime may take more than 1
weel, Bince the method eliminates the necessity of these complicated and
tme-conswning steps, it presents a more efficient and less costly 3D culture
method. Second, the microencapsulation system combines the formation of

253 the microspheres and the immobilization of cells in a matrix system into one
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step, This significantly reduces the costand saves time. Moreover, it
eliminates the necessity of fabricating microcarriers separately that
dramatically reduces the cost of the system because technologically
demanding steps for fabrication of microcarriers such as phase separation,

5 solvent evaporation, chemical erosslinking can be avoided. Third, the
microencapsulation system is conducted in physiologically relevant
temperature and conditions that assures high cell viability. On the other hand.
residues of organic solvents and toxie chemical crosslinking reagent such as
ghutaraldehyde used during fabrication process of microcarriers may

10 compromise cell viability,

The cell matrix microspheres are also usefud for 31 cubtures.  These
have numerous advantages over the existing microcarrier sysiems, The
system can be used to culture protein-secreting eells in physiologically

relevant microenvironment with significantly increased protein productivity
13 via matrix-induced proliferation control as compared to monolayer cultures
with unrestricted proliferation.

The productivily in 312 microspheres increases when the
microspheres are cultured in low serum concentrations such as 2%. This
indicates that the culture system can be maintained at low serum

20 concentrations and the downstream purification of proteins can be simplified.
The cells are cultured in culiure vessels or bioreactors with or without
constant agitation or spinning or rotation or perfusion,

The seereted proteins in the culture medium are harvested with

replacement at regular periods ranging from 1 day to 10 days, preferably 2

)
gy

days, hefore reaching the maximal cell density inside the microspheres, for &
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period of time after microsphere suspension culture, ranging from 7 day to 3
nonths preferably 14 days. Wider windows for protein production can be
achieved by encapsulating the cells In sub-optimal concentrations in the

liguid matrix, ranging from 1x10% to 1x107 cells/ml, preferably at 1x10°

cells/mb. The productivity of cells is significantly increased when cells

147

profiferation inside the matrix microspheres is controlled.  This window can
be maintained for at feast 2 weeks, much longer than the window with
enhanced productivity in other controlled proliferation strategies,  Unlike
other proliteration control technologies, this method provides a temporary

10 and reversible control for proliferation by encapsulating the cells in natural
extracellnlar matrix malerials at appropriate concentrations and time.

Similar to 2D culture without the matrix microspheres, the cell
number increases linearly during the log phase. During this phase. total
protein production increased linearly with cell number and the productivity

15 of specifie proteins is reduced, This may be due to the fact that more energy
is channeled to reproduction rather than protein production, Specific proteins
produced during this phase can also be harvested.  Cells will reach a
maximal or optimal density due o the space limitation and nutrients
competition, and the proliferation rate of the celis will be reduced. This is

20 usually accompanied by an increase in protein production. However, during
this phase, cell apoptosis and death mav be induced and the release of
intracelinlar contents may degrade the seereted products. It is therefore
advantageous to harvest the scereted proteins at appropriate time points
during the optimizaticn.  Unlike other systenis, this method allows

25 separation of high protein productivily and rapid proliferation.  This protein
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production phase is prior to and accompanied by a log proliferation phase.
This system ts therefore sustainable and typically ends with dramatically
mereased eell numbers,

Efficiency and cost reduction of the culture system can be achieved

s

by recycling the encapsulated cells after reaching the optimal cell density
after a period of time ranging from 2 weeks to 3 months, preferably one
month, via re-encapsulation. It is economically efficient because the protein
harvest can start well before active proliferation phase while the output of the
system includes notonly the specific proteins produced bat also increased

10 cell numbers with high viability. Moreover, the cycle can be restarted by
enzymatically releasing the cells and re-encapsulating into new matrix
microspheres so that the cycle of matrix-induced proliferation control with
high protein productivity and the subsequent active cell profiferation in 31D
microspheres can be iniliated again,

Another advantage of this system is that, unlike traditional

Ly

proliferation controlling technologics such as nutrients deprivation and
aver-expression of wumor suppressar genes, to control cell metabolism and o
induce cell apoptosis or death, where high cell viability (almost 100%) is
always maintained at different time points, with different cell densities and
20 serwm concentrations, proliferation of cells can be controlled directly,
nereasing protein productivity, In the example wsing GDNF-secreting
HEK293 cells, the productivity of cells in 3D microspheres is always higher
(ranging from 3 to 67 fold) than that from the monolayer cultures at different
time points, with different cell densities and at different serum

25 concentrations,

L3
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EXAMPLES
The present invention will be further understood by reference to the
following non-limiting examples.

Example 11 Production of hMSC-collagen microspheres

L6

Rat-tail collagen solution type Iin acetic acid, which mainly consisis
of triple hetical monomers, was newralized by NaOH and diluted into a final
concentration of 0.5mg/mi. All procedures were done in an ice-bath to
prevent collagen gel formation. Human bone marrow derived mesenchymal
stem cells (MSCs) in full medium, DMEM-LG with 10% FBS and 1% P/S,
10 were suspended thoroughly in the neutralized collagen solution as soon as
possible. A dispenser was then loaded with the ice-cold cell mixture and a
small volume of 2.5pd was dispensed at a time onto a bacterial culture dish
covered with UV-irradiated parafilm. To preventair-bubble formation in the
liquid droplets. the dispenser was moved upwards or the collection platform

15 downwards afler dispensing the liquid droplets. The Hquid droplets were
thermally indueed to reconstitute intoa gel meshwork of organized collagen
fibrils, interacting with the encapsulated eells, to form solid microspheres by
incubating in a 37°C incubator for | hr. The cell-matrix microspheres formed
were collected into a full medium containing bath with non-adherent

20 substratum by gently fTushing the parafilm with medium,

Example 2:  Production of mechanically stable cell-matrix

micrvospheres and contvolling parameters of the microsphere size.

Materials and Methods

Following the steps shown in Fig. 2, rat-tail collagen solution type I

was neutratized and diluted into different concentrations (0.5, 1.0, 2.0 and
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3.0mg/mi) in the presence of different concentrations (2 x10%, Ix107 and
5x107 cells/ml) of human bone marrow derived MSCs in DMEM medim
with 10%VPBS as described in Example 1. The cell-matrix microspheres were

collected into a DMEM medium containing bacterial culture dish. The

T

collected microspheres were maintained at their free-floating state in the

culture vessel at 37°C for 2 to 7 days until the equilibrium is reached as
characterized by a constani microsphere size

Resuls

The temporal morphological change of the cell-matrix microspheres
1 with different eell densities and collagen matrix densities were recorded.
Microspheres at day 0 showed individual cells embedding in the collagen
matrices and the microspheres were still transparent.  Microspheres at
higher cell densities such as 1x10% and $x10° cells/ml and lower collagen

matrix densities of 0.5, 1.0 and 2.0mg/ml contract as time goes by and

LAy

become more opaque and dense.  This indicates that hAMSCs are
reorganizing the matrix to form a twhtu matrix in the microsphere
Microspheres at fower cell density (2x10" cells/ml) took much longer time to
contract to a constant size while microspheres with higher collagen matrix
density, 3.0mg/ml, showerd so little contraction that the matrix appears

20 transparent. The extentof hMSC-induced collagen microspheres contraction
was directly proportional to the cell density, collagen concentation and
droplet volume (Figures 4A. 4B and 4C, respectively), establishing that that
these parameters can be used to control the final size of the microspheres.
The hMSC-collagen microspheres, after reaching the equilibrium, can be

23 mechanically manipulated by forceps and are resistant to the shear stress and

7
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turbulence generated during pipetting up and down at rapid rate such as
F0mi/min or even vortexed with maximal speed. As a result, these
microspheres are mechanically stable enough to resist shear stress generated
during microsyringe injection and are ready for injection and implantation
for cell therapy and tissue engineering purposes.

Example 3 Controlling the growth rate of encapsulated hMSCs inside
the collagen microspheres.

Muaterials and Methods

hMECs were isolated from bone marrow aspirates from donors with
informed consent in compliance with the Institute human ethics regulations.
EMSUs were cultured as deseribed by Li et al. 2004. Cells harvested from
passage 2 and 3 by traditional moneolayer culture were eryopreserved and
used for production of cell-matrix microspheres with different collagen
density: 0.5 and 2mg/ml. Fully contracted mechanically stable
hMSCUs-collagen microspheres were obtained as described in Examples 1 and
2. These microspheres were ineubated with 2uM Calcein AM and 4pM
Ethidium homodimer-1 for 45 minutes for simultaneaus stainin g of live and
dead cells. Stained microspheres were fixed in 4% paraformaldelivde for 1
hour and examined using a laser confocal scanning microscope for stacked
images. In a separate experiment, microspheres, with 100 micraspheres per
plate in triplicates, were cultured in full medium for 10hours, 3, 6 and 9 days.
Al the end of incubation, the microspheres were digested with bacterial
collagenase at 100U/ml for 45-80minutes at 3700 followed by digestion with
0.05% Trypsin/EDTA for 5 minutes. The single cell suspension obtained was

counted for cell number and viability,

g
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Both live and dead cells were found initially after microencapsulation.
After 3 days. most cells in microspheres with lower collagen concentrations
were altve while dead cells could be found in microspheres with higher
callagen concentrations. All live cells exhibited efongated morphology. At
day 6, cells were more elongated and achieved cell-to-cell contact. In
microspheres with lower collagen concentrations, cells were distributed
throughout the matrix while those with 3mg collagen/mi, had more cells
aligned at the cireumference. Growth of the microencapsulated cells was
collagen concentration dependent, as shown by Fig. SA. At 8 hours
post-encapsulation, the cell number fell to approximately 40% of those
mnitially microencapsulated in both concentrations. There was only slight
increase in cell number after day 6 for the §.5mg/mi group but & rapid
increase in cell number was observed in the 2mg/mi group. Two-way
ANOVA showed that both time and collagen concentration significamly
affected the coll number (p<0.001), Bonferroni's post-hoc tests showed
significant difference between day 6 or Y and earlier time points (p<0.001). A
significant reduction in cell viability (p<=0.033) was found at & hours but niot
thereafier (p=0.959), as shown by Fig. SB.
Example 4t Controlling the migration and growth of encapsulated
BMSCs from collagen microcapsules

Materials and Methods

Free-floating hMSC-collagen microspheres with cell densities of
2307, 1107 or Sx10° cells/ml were transferred into 100mm diameter tissue

culture plates at 3 days post-encapsulation, at plating densities of 63, 123 oy
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250 microspheres per plate corresponding to 0.64, 1.59 and 3.18
microspheres / em?. The microspheres were allowed to attach to the culiure
plate for 1 hour after aspiration of excess medium and supplemented with
full medium. At 72 hours, the microspheres were detached from the calture

5 plates by gently flushing with full medium, allowed to sediment and replated
i new culture plates several times unil cell out-growing ceased. In separate
expetiment, microspheres were seeded on collagen gel at 0.5mg/ml to
evaluate whether cells would migrate into soft substratum. Cells growing oul
from the microspheres after different platings were cultured for 12 days with

16 regular medium change while their morphology recorded at 3. 38 and 154hys.

the outgrowing cells from 250 microspheres were trypsinzed for cel] count

for comparison with the conventional monolayer culinres seeded with the

same indiial cell number,

15 There was no cell migration immediately afier plating of mi crasphere,

AL 38 hours, cells migrated out and formed clusters. After detaching the
microspheres gt 72 hours, the outgrowing cells grew to form large colonies.
These cells were homogencously small and clongated and can be
cryvopreserved for future use such as celi-based assays, frozen stocks,

20 re-encapsulation and fabricating tissue-like structires. The morphology of
the ourgrowing hMSCs was maintained even after 10 platings and the
morphology simulated that from the early passages of the monolayer culture,
By contrasi, scarce out-growing cells were noted in microspheres with low

cell density. The number of out-growing cells increased finearly when cell

f
LA

density (Fig.6A) and microsphere plating density (Fi .68} increased.
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Kruskal Wallis tests showed significant differences between groups
{p=0.044). The detached microspheres could be replated several times
without enzymatic digestion. Microspheres encapsulated with 250 cells could
be plated for at least three times while those with 500 cells for at least six

times. Moreover, the cell number obtained from early platings of

Lh

microspheres was comparable with monolayer cultures {Fig.6C) while a

significant decrease {(p<=0.018) in later platings was noted. This was related
to the significant decrease (p=0.009) in microsphere number (Fig.61)) due to
aggregation and disintegration. Microencapsulated hMSCs were also able wo
10 migrate into soft collagen gel. The viability of cells from different platings
showed no difference, Microspheres aggregation and disintegration can be
observed after 72 hours post-attachment.  Qutgrowing cells at 24 hours
post-aitachment penetrated into the collagen gel.
Example ;' Maintenance of the surface marker of hMSCs outgrowing

15 from the microspheres afier multiple platings.

Materials and Methods

BMECs migrated out from microspheres after 10 platings were
tryspinized with 0.05% teypsin in EDTA for §-9 minutes and then fixed and
labeled with antibodies against surlace markers including CD34, CD14,

20 CD29, CD105, CD45 and HLA.  Flow cytometry was performed using
appropriate isotype controls as described previousty (Li et al. 2004).
hMSCs showed the same surface markers panels, negative for CD14,

D34 and CD45, positive for CD103, CD29 and HLA-A B.C, as that

b
125

oblained from P1 of monolayer cultures.  This indicates that the identity of
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the hMSCs was not changed even after 10 cycles of plating and replating of
the hMSC-collagen microspheres.  Since these cells are from a single
aliquot of monolayer eultures of the same passage and these plating cyeles
can be repeated using anather aliguot or aliquots from another passage from
S the monolayer culture, by combining this 3D culture system and traditional
monolayer cultures, long term storage and rich sources for cells, which are
necessary for cell-based assays and fabrication of tissue-lke struciures in
tissue engineering can be achicved.
Example 6:  Maintenance of the self-renewal capacity of BIMSCs
10 ontgrowing from the microspheres after multiple platings

Matedials and Methads

A colony formation assay was used to characterize the seif-renewal
potential of hAMSCs obtained from the 3D and the monclayer cultures.

hMSCs obtained from the 3™~ 5™ passages of the traditional moenolayer

.._-
i

culture and from the 1~ 3% platings of the 3D culture were seeded at v ery
low density at 258 cells 100mm diameter culture plate in triplicates and
were cultured for 14 days with regular medium replenishment.  The
colonies formed were stained and fixed with § vstal violet (Sigma) in
methano!l for 10 minutes and rinsed with distilled water twice.  The number
20 of eolonies with diameter greater than 2mim was counted and the
single-vell-derived colony forming efficiency was calculated as the
percentage of colony formed of all cells seeded.

Self-renewal capacity of the cell outgrowths from the microgpheres

25 after multiple platings was comparable with that obtained from traditional
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monolayer cultures, as shown by Fig. 7. One-way ANOVA showed that there
was no statistically significant difference in the number of
single-vell-derived-colonies in all groups (p>0.05).

Yxample 7t Maintenance of the multiple differentiation potential of

BMISCs outgrowing frem the microspheres after multiple platings.

L

Materials and Methods

Multiple differentiation potential of cell ouigroveths
Differentistion assays for chondrogenesis, oesteogenesis and
adipogenesis were performed to investigate whether h(M8Cs obtained from
10 the 3D microspheres still retain the muliiple ditferentiation potential
N v . , . ~ % ¥ N N ~ . i - » .
according to standard protocols in previous reports (Pittenger et al., Science,
28405411 1:143-7 (1999); Okamoto, et al., Biochen. Biophvs. Res. Compun.,
293(2):354-61 (2002); Romanov, et al., Bull, Fxp. Biol. Med., FO(1):138-43

(2005)).  Cells obtained from the passage 2 of monolayer culture and the 3%

pa—
Ly

and 10™ platings of the 31 cultures were used.

Chondrogenesis

Aliquots of 25107 cells ina 15ml centrifug;f: tube (Falcon) were
centrifuged at 800rpm for 5 minutes at room temperature. The pellet was
resuspended in chondrogenie differentiation induction medium, which was
20 defined as DMEM high glucose. supplemented with 10ng/mil recombinant
human transforming prowth factor beta 3 { hr‘l.‘G.IE?'-BB}, 100aM
dexamethasone, 6my/m! insulin, 100mM ascorbic acid 2-phosphate, ImM
sadium pyruvate, 6mgml transferring, 0.35mM praline and 1.25mg/ml
bovine serum albumin,  Cells were centrifuged as pellet again and

253 maintained for 3 weeks with regular induetion medium replacement every 2
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days. Atthe end of the incubation, pellets were fixed and processed for §
1M thick paraffin sections for Alcian blue staining.
Qsteogenesis
Full medium was further supplemented with 100nM dexamethasone,
5 50uM ascorbic acid 2-phosphate, and 10mM $-glycerophosphate as the
oesteogenic differentiation induction medium.  EMSCs were seeded at
3x10" cells 7 em® in 4 or 6 well plates in duplicates or {riplicates and were
maintained in the differentiation induction medium for 3 weeks with regular
medium replacement every 3 days. At the end of the incubation, cells
L were rinsed with PBS, fixed with 10% buffered formalin for 10 minutes at
room temperature and stained with 5% silver nitrate (Nakarai Tesque, Kyoto,
Japan) for von Kossa staining.
Adipogenesis
Adipogenic differentiation induction medium was prepared by

supplementing the full medium with 1uM dexamethasone, 0.2mM

o
Ay

indomethacin, 10pg/ml insulin and 0.5mM 3-isobutyl-} -methylxanthine
while the maintenance medium was prepared by supplementing the {ull
medium with only 10pg/ml insulin,  hMSCs were seeded at 2x10" cells /
em” in 4 or 6 well plates in duplicates or triplicates in full medium until
20 confluence. Adipogenic differentiation induction medium ‘was added for 3
days followed by 2 days in maintenance medinm and three induction /
mainienance cycles were performed.  Cells were rinsed. fixed and then

stained with 0.3% Oil-Red-O (Nakarai) for oil droplels staining,

Kesulis
23 Multiple differentiation potential of hMSCs was maintained afier
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multiple cycles of plating. Cell outgrowths obtained from the microspheres

i ] 1 3 i EOE T e .« . ~, . 3 .
after 3% and 11" platings were still able 1o differentiate into osteobla sts,
adipoeytes and chondrocytes. This was demonstrated by the positive staining

in von Kossa, Oil Red © and Alcian blue stainings for calcinm deposits, ol

droplets and proteoglycans, respectively.,
Example 8  Chondrogenic differentiation of hMSC in eollagen

microspheres

Materials and Methods

hMSCs at a final concentration of 5x10% cells/m! was suspended in
100wl of neutralized collagen solution (2mg/mly. Microspheres so prepared
were incubated In chondrogenic differentistion medhum for 3 weeks as
deseribed in Example 7. The differentiated microspheres were stained for
carlifage-specific matrix markers as deseribed in Exampie 7.

Cartilage micro-tissues could be formed as the microencapsulated
hMSCs were able to be chondrogenically differentiated into chondrocyte-like
cells with typical round morphology. The differentiated cells lost their ability
to migrate and produced cartilage-specific extracellular matrix as shown by
the positive staining for glycosaminoglycans, aggrecan and type 1T collagen.
Example 91 I vive subcutaneous implantation of collagen-EM&SC
mierospheres in NOD/SCID mice.

Materials and Methods

Animal experimentation was conducted with appropriate ethical
approval aceording to institutional regulations. Collagen-hbMSC

microspheres with 0.3 and 2mg/ml collagen and 250 cells per microsphere

45
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were incubated with 2pM Caleein AM for 45 minutes for live cell labeling,
Twelye NOD/SCID mice {25-30g) were anaesthetized, An incision was made
at the back to create a subcutancous pocket of approximately Ixlem. One

thousand collagen-hMSC microspheres were implanted and the incision

closed by 3.0 non-absorbable silk sutures. After 2. 7 and 14 days

post-implantation, animals were sacrificed by overdose anesthesia. Skin flaps
at the implantation site were harvested and observed under fluorescence
microscape to trace for live cells,

The microspheres remained intact and Iocalized at the implantation
site while the encapsulated cells were retained viable in NOD/SCID mice for
at least 14 days. Clusters of microspheres encapsulating viable hMSCs,
which were stained with vital fluoreseent dye, can be identified on day 2, 7
and 14 days post-implantation. Viable hMSCs exhibited their typical
elongated morphology. Their human origin was confirmed by the
mimunapositive staining of human antigen beta2-microglobulin,
Immunopositive staining for the human antigen was also found in cells,
which are participating in the formation of blood vessels.

Example 10: Extent of contraction of fibroblast-sceded collagen gel in
the presence of glycosaminoglycans (GAGs).

Materials and Methods

Acidic rat-tail collagen selution was neutralized by NaOH and diluted
into a final concentration of 0.5mp/mi. Glycosaminoglyeans
(Chondroitin-6-sulfate) was added to the gelling mixture at a mass ratio of

{13, 111 and 3:1) All procedures were done in an ice-bath so as to prevent
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collagen gel formation, Homan bone marrow derived mesenchymal stem
cells (MSCs), and in the presence of full mediom, DMEM-LG with 10%
FBS and 1% P/8 was then suspended thoroughly in the neutralized collagen

solution with GAGs as soon as possible to make a final density of 1 or 5 x10°

3 cells/ml The mixture was cast in 4dwell culture plate and incubated in a 37°C
incubator for 1 hr to allow for gelation, The gel was detached from the walls
of the culture plate using a syringe needie and supplemented with sufficient
medium, The size of the gel was measured under a disscction microscope at

different time points to record the extent of contraction,

10 Resulls

Atall cell densities, fibroblasts-seeded gels contracted significantly
over time duc to the migration and proliferation of cells, as shown by Fig. 8A
and 8B. The presence of a sccond matrix such as GAGs did affect the
cellular responses in collagen gel. In particular, presence of GAGs reduced

e

the extent of fibroblasts-induced gel contraction and was in a dose-dependent

(92

manner that a higher mass ratio of GAGs:Collagen resulted in a less extent of
contraction, as demonstrated by comparing the results for 1 x 107 cells'ml in
Fig. 8A with the results for 5 x 107 cells/ml in Fig. §B.

Example 11: HEK293 cell culture and encapsulation

20 Materials and Methods

HEK293 cells (Passage 4) were transfecied to over-express GDNE,
Cells were caltured at 37°C with 3% CO» using T75 fask with 10m!
complete Dulbecoo’s Modified Eagle Medium — Hi gh Glucose (DMEM-HG,

2%, S% or 10% FBS, 1% PY) and 500ug/ml G418 Sulfate. Fresh medium

4]

and G418 sulfate were replaced every 2 days, These cells were used for the
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subsequent encapsulation,
The HEK293 cells were trvpsinized using 0.25% Trypsin-EDTA,
Rat-tail collagen solution type I was neutralized by NaOH and diluted into 9
final conceniration of dmg/ml, in the presence of HEK 293 eells in DMEM.
3 The cell mixture was kept at 4°C in an ice bath before use. The dispenser was
loaded with the cell mixiure and dispensed & small volume of 3l at a time
onto a collection platform or a bacterial culture dish covered with
UV-irradiated parafilm. The microdroplets were allowed to reconstitute into
solid microspheres by ineubating ina 37°C incubator with §% CO» for 1 hr.
10 The cell-matrix microspheres formed were collected into a DMEM medium
comtaining bath with non-adheren! substratum by gently flushing the
parafiim with medinm. Complete medinm was used to suspend the
cell-encapsulated capsules in 33mm petr dish. Cell proliferation, cell
viability, GDNF productivity of HEK293 cells in 3D microspheres were,
15 compared with that cultured in traditional monolayer cultures.
Morphological analysis of the microspheres
The cell-encapsulated capsules were viewed under an inverted

microscape. Diameter of the capsules was measured at 40x magnification.

20 The diameters of S out of 50 cell-encapsulated capsules in each set ap were
measired and the average value determined. The rate of contraction of the
cell-encapsulated capsules depended on the cell-seeding density, as shown by
Fig. 9. With a higher cell-sceding density, the cell-encapsulated capsules
contracted al an carlier time point and at a higher rate. Using the high

25 cell-seeding density of 5000 cell/capsule, conteaction began at day 4, The
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nrean diameters were 2.42 mmi 4 0,05 and 1.77 mm + 0.07 on day 0 and day
12 respectively, For cell-seeding density of 500 celis/microsphere, the mean
diameter was 2.4 mam = 0.01 onday 0. There were no contractions until day
8 and the mean diameter was 2.24 mm + 0.15 on day 12. For the low
cell-seeding density of 50 cell/microsphere, the mean diameter of capsule
was 2.4 mm + 0.04 on both day 0 and day 12. This showed that there were
no observable contractionsof the microspheres. The percentage changes of
the mean diameters were (-)26.9%, (-)6.67% and 0% for cell-seeding density
of 5000, 500 and 50 celi/microsphere respectively. Colonies or aggregates of
cells started to form at day 6 and the size of the aggregates increased
throughout day 8 to day 14.

Example 12: Fate of encapsulated cells, viability and anmber of cells

Materials and Methods

For traditional monolayer cultures, the HEK293 cells were
trypsinized vsing 9.25% 1rypsin-EDTA. The viability tests were done using
the trypan blue staining. The numbers of cells were counted using the
hemacytometer. For 3D microspheres, collagenase (30 unit/mi) was used to
digest the cell-encapsulated capsules. Trypsin/EDTA was then added into the
colonies suspension and was incubated at 37°C with 5% CO5 for 3 min to
prepare single cell suspension. Viability test using trypan blue and ce
counting were conducled.

Hesults

At the early time points, single cells were found inside the capsules.
The cell size increased and small aggregates of cells were formed at day 6.

Cell aggregation continued to form a network and the morphology of cells
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resembled those in monolayer culture. The cell viability was shown in Figure
10A. The viabilities of cells were almost the same at different cell-seeding
densities. This showed that cell-seeding density did not affect the cell
viability. Moreover, there was no practical difference between the viability of
3 cells in monolayer culture and the viability of the encapsulated cells. The

nuinber of cells is shown in Figure 10B. There was significant difference
between the monolayer group dnd the microsphere group. The proliferation
index of the monolayer group was always higher than that of the microsphere
group, ranging from 4 to 140 fold, There was also a significant difference

10 between different cell-seeding densities. The interaction between cell density
and group was signiticant as well, The proliferation index of the monolayer
group decreased with cell-seeding density but the effect was not obvious in
the icrosphere group.
Example 13: GDNF guantification

Materials and Methods

Lo

GDNF was measured using the GDINE o™ ImmunoAssay System
following the instructions provided by the manufacturer (Promega). The
96-well plates were coated with Anti-GDNF Monoclonal Autibody {mADb]),
which binds soluble GDNF, overnight and at 4°C without shaking. The

20 caplured GDNF js bound by Anti-Human GDNF polyelonal antibody (pAb,
I ugiml) and incubated without shaking at 4°C overnight. A fier washing, the
amount of specifically bound pAb is then detected by incubating with
Anti-Chicken Ig¥, horseradish peroxidase (HRP) conjugate for 2 hr at room
temperatore with regular agitation. The unbound conjugate is removed by

25 washing, and followed by ineubating with the TMB One Solution, a
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chromogenic substrate, for 15 min al room temperature without shaking. The
reaction is stopped by adding IN HCL The absorbance at 450nm was
measured using a microplate reader within 30 min after stopping the reaction,
The amount of GDNF in the test solutions is proportional to the color
5 generated in the oxidation-reduction reaction. This ELISA system can detoct
aminimum of 31.2 pg/ml of GDNF and the linear range is from 31pg/iml to
H060pe/mi GDNF,
The HEK293 cells were trypsinized using 0.25% Trypsin-EDTA. For
monolayer cultures, 2.5 x 10" HEK293 cells were seeded onto the 6-well
10 plate with 2ml complete medium (DMEM, 16% FBS, 1% PS) and 500ug/m}
G418 sulfate, For 3D cultures, microspheres were formed as described above.
The cell-seeding density was 300 cells/microsphere and the number of

microsphere per 35mm petri dish was 30. The microspheres were suspended

in petri dishes with 2ml complete medium (DMEM, 10% FBS, 1% PS}) and

POy
()

500ug/ml G418 sulfate. Different time points included day 2, 4, 8, 10, 14
For both monolayer and microsphere cultures, there were four samples per
each time point (n = 4). Medium was collccted and replaced every 2 days in
all set up for GDNF quantification.

The HEK293 cells were trypsinized using 0.25% Trypsin-EDTA. For
20 monolayer cultures, 2.5 x 10°, 2.5 x 10% or 2.5 x 10Y HEK 293 celis were
seeded onto the 6-well plate with 2ml complete medium (DMEM. 10% FBS,
19 P3) and 500pg/mi G418 sulfate. For 3D cultures, the microspheres were
formed as stated in Example 2, The cell-seeding density was 50, 500 or 5000
cells/microsphere. Fifty microspheres were suspended in each 35mm petid

25 dish with 2mi complete medinm (DMEM, 10% FBS, 1% PS) and $00ug/ml
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(418 sulfate. The initial cell namber for the 3D caftures is the same as that
m monolayer cultures. For both monolayer and 3D cultures, there were four
samples per each initial cell number group (n=4). Medium was collected

and replaced every 2 days in all groups for GDNF collection and subsequent

LA

quantification. Cell viability test and cell counting were conducted on day
12,

The HEK293 cells were trypsinized using 0.25% teypsin-EDTA. For
monolayer cultures, 2.5 x 10° HEK293 cells were seeded onto the 6-well
plate with 2ml medium having different seram percentage (2%, 5%, 10%)

H0 and 500pg/ml G418 sulfate. For 3D cultures, microspheres were formed as
stated in Example 2. The cell-seeding density was 500 cell/microspheres and
there were 50 microspheres per 35mim petri dish equivalent to an initial cell
number of 2.5 x 10° cells. The microspheres were suspended in 2ml medium

having different serum percentage (2%, 5%, 10%) and 300pg/n! G418

oo

Ay

sulfate. For both monolayer and 3D euliures, there were four samples per
cach serum percentage (n = 4), Medium was collected and replaced every 2
days in all set up for GDNF guantification. Cell viability test and cell
counting were conducted on day 12,

Resulis
20 The cell viability and number of HEK293 ceils in both monolayer
and 3D microspheres at each time point (Day 2, 4, 8, 10, 14, 18, 22, 26 amd
30} are shown in Fig. 11A and 11B, respeciively, The cell number of the
monolayer group was always higher than that of the microsphere group and

there was a significant difference between them. Apart from an initial lower

12
h

cell viability of around 80% in 31 microspheres, the cell viability of all

(]
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groups in all subsequent time points was cloge to 100%. The accumulative
secrelion of GRNF was linearly proportional to time in both the monolayer
proup and the microsphere group (Figure 12). There was a significant
difference in accumulative secretion of GDNF between monolayer group and
microsphere group. Post hoe testing showed a significant difference between
day 2 and day 4 with all other time poinis, The seeretion rates of GDNF in
different groups over different time points were shown in Figure 12B. For
both monolayer and microsphere groups, the secretion rate of GRNF
continued 1o increase until day 8. There was a significant difference between
the secretion rate of monolayer group and that of the microsphere group, The
secretion rates of GDNF from HEK293 cells in the 3D microspheres were 67,
12,10, 10 and 3.5 times that from monolayer cultures for day 2, 4, 8. 10 and
14, respectively, This demonstrates significantly higher produciivity in 3D
nicrospheres,

The total GDNF seeretion of both monolayer and microsphere grotips
were linearly proportional to the cell-seeding density (Figure 12C). There
was a significant difference in total GDNF sceretion between the monolayer
and microsphere groups, and among different cell densities. The total GDINF
secretion of the monolayer group is higher than that of the microsphere
group, due to the large difference in cell number. At each cell-seeding density,
the number of cell in monolayer group is aboul 7 — 20 times higher than the
number of cell in microsphere group at day 12, However, the secretion rate
of GDNF from HEK293 vells was found to be higher than that from

monolayer cultures in all groups (Fig. 12D} and the difference was

LA
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statistically significant between monolayers and microsphere cultures and
amiong aroups with different initial ecll numbers.

The total GDNF seereted from day 0 o day 12 was lincarly
proportional o the serum percentage in medium in both mosiclayer and
microsphere groups (Figure 12E). There were significant differences in total
GDNF secretion between the monolayer and microsphere groups and among
different serum percentages in medium. The total GDNF secretion in
monolayer group was abways higher than that in microsphere group and the
differences were less than 2 folds at all serum pereentages. There was no
interaction between group and serum percentage in medium, However, the
secretion rate of GDNF from HEK 293 celis per million cells per day (Fig.
12F) was significantly hi gher than that from moenolayer cultures at all sernm
percentages. The difference in GDNF secretion rate in 3D microspheres was
more than 4 folds i all serum concentrations indicating that the enhanced
productivity of HEK293 cells in 3D microspheres was independent of the
serum percentage. It also demonstrated that the encapsulated cells secreted
the highest rate of GDNF when they were sustained with medium with 2%
serum. The cell viability and number of HEK293 cells in microspheres
cultured with different serum concentration are shown in Fig. 13A and 13B,
respectively and the viability in all seram concentrations showed algiost
100% (Fig. 13A) indicating that the cell viability was not significantly
affected by redueing the serumn concentration, as a resull, reducing serum
concentration ¢an be used 1o ease the downstream purification steps of the

secreted proteins.

54
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Example 14: Bioactivity assay of GDNF in eonditioned medium of
HEK293 eells

Materials and Methods

PC 12 cells were grown on 24-well plates in §1.5% FI12K medium,

4

supplemented with 153% House serum, 2.5% Fetal bovine seram and 1% PS,

i

Conditioned medium containing the secreted GDNF was mixed with the fixl]
medium for PC12 culture at 1:1 volume ralio and used to culture the PC12
cells. The cells were plated at a density of approximately 3000 cells (in 800
ul) per well, After 2 days, the cells were fixed for visualization under the

10 phase microscope. Cells with neurite outgrowth longer than one body length
ol'the cell ware regarded as positive results, Standard GDNF with known
concentrations were also used as positive controls. Full medium without
conditioned medium was used gs negalive control.

Results

Both GDNF standards (10 and 50ng/ml) and all conditioned medium

Py
(31

samples showed neurite growth in PC12 cells while the negative controls
showed no neurite outgrowth, This demenstrated that GDNI released by the
HEKZ293 cells into the conditioned medium does retain their bioactivity.
Example 15 Bieactivity assay of GDNF in conditioned medium of
20 HEK293 cells

GDNF-secreting HEK293 cells were encapsulated in 3D collagen
microspheres and celtured for 14 days. The microspheres were fixed in 4%
paraformaldehyde for 3 hours followed by 30% sucrose solution for
overnight before cryosections of 10{1m thick were prepared.

25 mmunohistochemistry of GONF was conducted to confirm its secretion
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using a primary antibody, chicken anti-human GDNF polyelonal antibody
{(Promega) at 1:100-1:30 dilution and a secondary antibody, rabbit
anti-chicken Ig¥ (Promega) at 1:160-1:30 dilution. HRP-DAB substrate

system was used 10 visualize the immuno-positively stained GDNF inside the

L

microspheres. The synthesis of GDNF was confirmed by
immunohistochemistry. lmmunopositive staining of GDNF was localized at
the cell colonies inside the 3D microspheres.

Example 16: Optimization of Formulation Parameters of Cell-Matrix
Microspheres

10 Materials and Methods

Culture medium, NaOH, collagen solution, chondroitin sulfate
solution and cell suspension were added and mixed in order, and
microspheres of 100ul of the mixiure were prepared as described in Example

1, The microspheres were cultured in normal medium for 1 day and then

L

changed to chondrogenic differentiation mediom (DMEM high glucose,
Hng/ml recombinant human transforming growth factor beta 3 (Merck),
H00M dexamethasone (Sigma), 6 pg/ml insulin (Merck), 100mM
2-phospho-L-ascorbate (Fiuka), ImM sodium pyruvate (Gibeo), 6pg/ind
transferrin (Sigma), 0.35mM L-proline {Merck) and 1.25mg/ml bovine
20 seram albumin (Sigma)).

The microspheres were cultured for 21 days, with medium changed
every two days. After 21 days of culture, the samples were either processed
for immunohistochemistry and histology for qualitative analysis or digested

in papain solution {30¢ wg/ml papain in 50mM PB, containing SmM

2
LA

L-cysteing and SmM EDTAY at 60°C overnight for quantitative analysis of
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chondrogenesis. 1,9-Dimethylmethylene blue (DMMB) assay was used for
GAG quantification. In brief, Iml of DMMB dye solution was added to the
sample digest in a tube and the content was mixed on a shaker for 30 minutes.
The tube was centrifuged at 13.2k rpm for [0minutes to form the GAG-dye
2 complex precipitate. The precipitate was resuspended in 20001 of
dissociation reagent and mixed by vortex aid the ahsorbance at 656nm was
measured. From the digestion mixtare, DNA content was also quantified by a
flusrometric assay. In briel, 100u! of Hoechst 33258 dye solution was added
to the sample digest and fluorescence measuretnent was made with excitation
10 and emission at 365nm and 458nm respectively. The GAGs content was then
normalized by DNA conlent.
Resulis
‘The amount of GAGs deposited into the collagen microspheres
increased with increasing cell seeding density and collagen concentration, as
15 shownin Fig. 14A, Statistical analysis shows that the difference among the
four cell seeding density groups and ameng eollagen density groups are all
significant (p<0.05). When normalized by DNA content, the amount of
GAG/DNA also increased with increasing cell seeding density and collagen
concentration, as demonsirated by Fig. 148, Statistical analysis also shows

20 significant difference among various groups (p<0,03).

L
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We ¢lainn

[ Cell-matrix microspheres comprising cells, a first extracellular matrix
(ECM) forming a nanofibrous microsphere having embedded therein cells as &
result of a phase change of the ECM,

2. The microspheres of elaim 1, wherein the first ECM provides support to
the cells, interacts with the cells to allow cell growth without iniroducing toxicity

and permits cell migration from the microspheres for growth.

3. The microspheres of elaim 1, wherein the first ECM is collagen,
4, The microspheres of ¢laim 1, wherein the first ECM can be induced to

reconstitute into solid form under specifie conditions that are mild enongh to
support celtular survival and growth.

s The microspheres of claim 1, further comprising a second ECM selected
from a group consisting of proteoglyeans and glycosaminoglans {GAGs).

&, The microspheres of claim 3, wherein the second ECM is produced from
the group consisting of cartilage, {ibrin, clastin and hyaluronic acid.

7. The myicrospheres of claim 5, wherein the first ECM can interact with
fiving cells or with the second ECM in such a wa y that the inferaction leads 1o
change in volume or dimension, ECM density, cell density, mechanical property

or stability,

8. The microspheres of claim 1, wherein the cells comprise mature cells,

mesenchymal cells or stem cells isolated from bone marrow, skin, Gl tract,
adipose fissue, placenta, intervertebral discs. cartilage, muscles, skin, tendon.

ligament, and nerve.

L
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Q, The microspheres of claim 1, wherein the cells are bone marrow-derived
mesenchymal stem cells (MSCs), either autelegous or allogeneic from
Hi.A-matched donors.
10, The microspheres of claim 1, wherein the cells are genctically engineered
or selected for production of biomolecules,
tl. The microspheres of claim 1, further comprising growth-stimulating
factor, which may be selected from the group consisting of human serum, platclet
rich plasma and other blood produets.
12, The microspheres of elaim 1, further comprising a differentiation factor.,
13, The microspheres of claim 1 further comprising a therapeutie,
prophylactic or diagnostic agent.
14, Amethod of producing microspheres, comprising
mixing and dispensing an ECM in combination with cells at a iemperature
promoting a phase transition of the ECM to form a cell-matrix microsphere,
dispensing the cell-ECM mixture to form droplets onto a surface
nyaiitaining the sphevical shape of the dropleis,
accelerating phase transition or gelation of the ECM to form the
cell-matrix microspheres.
15, The method of claim 14 comprising collecting the cell-matrix
miicraspheres on a platform.
16, The method of claim 15 comprising maintaining the composition at a
temperature between 0°C-10"C at the dispensing side.
17, The method of claim 14 comprising raising the temperature of the
collection platform to 25-37°C to accelerate phase transition for a period of time

suthicient tor gelation of the ECM but insufficient for cell morphological change.

be

4
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18. The method of claim 14 wherein the speed of pelation of the mairix is
immediately slowed down after initiating the gelation by maintaining the
temperature of the mixtures as Iow as 4°C.
19, The method of Claim 14 wherein the gelation of the matrix is accelerated
immediately after dispensing the gelling matrix into droplets at the collecting unit
by raising the temperature of the mixture to 37°C.
20 The method of elaim 14 comprising

collecting the microspheres from the collection platform with minimal
mechanical disturbance;

maintaining the microspheres free-floating in a first medivm for an
extended period of time until the size of the microspheres becomes substantially
constant; and

releasing the microspheres from the first medium.
21, The method of claim 20, wherein the microspheres are maintained
free-floating for about 2 to about 7 days at a temperature of about 37 °C.
22, A method for manipulating cell mi gration from microspheres formed of
ECM encapsulaied cells as defined by any of claims 1-13, comprising the
following steps;

providing a mechanical support for the microspheres by plating them onto
the solid substratum of culture dishes or placing them into a gelling matrix or
onte a gelled matrix;

plating the microspheres wherein each microsphere is kept at a distance
from each other;

adding a second medium into the culture system for holding the

microspheres;

60
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allowing cell migration from the microspheres; and

releasing the microspheres from the second medium after an extended
period of time.
23, The method of claim 22, wherein the cells migrating out from the
microspheres are cryopreserved or resencapsulated.
24, Awmethod for injecting oy implanting cell-matrix microspheres as defined
by any of claims 1-13 into tissues of animals ot humans comprising

providing cell-ECM matrix microspheres in a pharmaceutically

acceptable medium for injection or implantation n a {issue.

bt

5. The method of claim 24 further comprising injecting or implanting the
microspheres m the tissue,
26, The method of claim 25 wherein the eells are mesenchymal stem cells,
chondrogenic cells or cells isolated from tissue.
27, 'The method of claim 26 further comprising inducing the cells to
differentiate prior to injection or implantation,
28, Amethod for production of a biomolecule comprising culturing cells in
cell-ECM matrix microspheres as defined by any of ¢laims 1-13.
29, Asystem for making microspheres from BECM and encapsulating cells
comprising

a dispensing unit for dispensing a mixture of ECM and cells in liquid
droplets;

a collection platform for collecting the dispensed droplets, the platform
having a surface with a surface property such that the spherical shape of the
droplets is maintained and allows gelation of the matrix to forny solid cell-matrix

microspheres,

o1
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3G, Thesystem of claim 29, further comprising a control unit Tor controlling

the dispensing speed, volume and position of the dispenser,

2o

1. The system of claim 29, further compriging & temperature control unit.
32, The system of claim 29 wherein the phase transition process can be
initiated by controlling the temperature, the pH and the ionic strength of the
figquid environment at appropriaie time.

33 The method of claim 29 further comprising static culiure vessels or

bioreactors with regular agitation or spinning or rotation.
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FIG 13A FIG 13B
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