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(57) ABSTRACT 

A composition for culturing stem cells is provided. The 
composition comprises an engineered puri?ed collagen 
based matrix that has been formed under controlled condi 
tions to have the desired microstructure and mechanical 
properties. The engineered puri?ed collagen based matrix 
compositions of the present invention can be used alone or 
in combination With cells as a tissue graft construct to 
enhance the repair of damaged or diseased tissues 
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ENGINEERED EXTRACELLULAR 
MATRICES CONTROL STEM CELL 

BEHAVIOR 

FIELD OF THE INVENTION 

[0001] This invention relates to the preparation of a col 
lagen based matrix for culturing and di?ferentiating stem 
cells and progenitor cells and the use of such compositions 
as tissue graft constructs. 

BACKGROUND 

[0002] The interaction of cells With their extracellular 
matrix (ECM) as it occurs in vivo plays a crucial role in the 
organization, homeostasis, and function of tissues and 
organs. Continuous communication betWeen cells and their 
surrounding ECM environment orchestrates critical pro 
cesses such as the acquisition and maintenance of differen 
tiated phenotypes during embryogenesis, the development 
of form (morphogenesis), angiogenesis, Wound healing, and 
even tumor metastasis. Both biochemical and biophysical 
signals from the ECM modulate fundamental cellular activi 
ties including adhesion, migration, proliferation, differential 
gene expression, and programmed cell death. 
[0003] In turn, the cell can modify its ECM environment 
by modulating the synthesis and degradation of speci?c 
matrix components. The realization of the signi?cance of 
cell-ECM interaction has led to a reneWed interest in char 
acterizing ECM constituents and the basic mechanisms of 
cell-ECM interaction. 
[0004] Tissue culture alloWs the study in vitro of animal 
cell behavior in an investigator-controlled physiochemical 
environment. Presumably cultured cells function best (i.e., 
proliferate and perform their natural in vivo functions) When 
cultured on substrates that closely mimic their natural envi 
ronment. Currently, studies in vitro of cellular function are 
limited by the availability of cell groWth substrates that 
present the appropriate physiological environment for pro 
liferation and development of the cultured cells. Complex 
scaffolds representing combinations of ECM components in 
a natural or processed form are commercially available, such 
as Human Extracellular Matrix (Becton Dickinson) and 
MATRIGEL®. HoWever, none of the existing scaffolds have 
been prepared under conditions that regulate the polymer 
ization of the scaffold in a controlled manner so as to 
produce a composition having mechanical properties and a 
predetermined 3D microstructure of collagen ?brils and/or 
soluble ECM components that optimizes cell-substrate inter 
actions to yield predictable and reproducible cellular out 
comes. Applicants have discovered that the physical state of 
an ECM scaffold and not just its molecular composition 
should be considered in the design of neW and improved 
sca?folds. 
[0005] As reported herein, modifying the conditions used 
to form a collagen based matrix from a solubilized collagen 
solution alloWs for the controlled alteration of the micro 
structural and subsequent mechanical properties of the 
resulting ECM scaffold. Furthermore, the micro-structural 
and mechanical properties of the ECM scaffold directly 
impact fundamental cell behavior including survival, adhe 
sion, proliferation, migration and differentiation of cells 
cultured Within the scaffold. 
[0006] Basement membrane tissues and submucosal mate 
rial harvested from Warm blooded vertebrates have shoWn 
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great promise as unique graft materials for inducing the 
repair of damaged or diseased tissues in vivo, and for 
supporting fundamental cell behavior (e.g., cell prolifera 
tion, groWth, maturation, differentiation, migration, adhe 
sion, gene expression, apoptosis and other cell behaviors) of 
cell populations in vitro. Submucosal material can be 
extracted or ?uidized to provide enriched extracts that can 

be utilized as additives for tissue culture media, or poly 
merized to form collagen based sca?folds, to promote in vitro 
cell groWth and proliferation. 
[0007] As a tissue graft, submucosal tissue undergoes 
remodeling and induces the groWth of endogenous tissues 
upon implantation into a host. Numerous studies have 
shoWn that submucosal tissue is capable of inducing host 
tissue proliferation, remodeling and regeneration of tissue 
structures folloWing implantation in a number of in vivo 
environments, including the urinary tract, the body Wall, 
tendons, ligaments, bone, cardiovascular tissues and other 
vascular tissues, and the central nervous system. Upon 
implantation of the submucosal tissues, cellular in?ltration 
and a rapid neovascularization are observed and the submu 
cosa materials are remodeled into host replacement tissue 
With site-speci?c structural and functional properties. 
[0008] Accordingly, submucosa tissue can be used as a 
tissue graft construct, for example, in its native form, in its 
?uidized form, in the form of an extract, or as components 
extracted from submucosa tissue and subsequently puri?ed. 
The ?uidized forms of vertebrate submucosa tissue can be 
gelled to form a semi-solid composition that can be 
implanted as a tissue graft construct or utilized as a cell 

culture substrate. As a tissue graft material, the ?uidized 
form can be injected, or delivered using other methods, to 
living tissues to enhance tissue remodeling. Furthermore, the 
?uidized form can be modi?ed, or can be combined With 

speci?c proteins, groWth factors, drugs, plasmids, vectors, or 
other therapeutic agents for controlling the enhancement of 
tissue remodeling at the site of injection. Moreover, the 
?uidized, solubilized form can be combined With primary 
cells or cell lines prior to injection to further enhance the 
remodeling properties that result in the repair or replacement 
of diseased or damaged tissues. 

[0009] Because the molecular forces that orchestrate the 
self assembly of soluble, monomeric collagen into higher 
ordered structures are Weak their assembly can easily turn 
into an unstructured aggregation of misfolded proteins. In 
the literature, there are knoWn methods for isolating col 
lagen from a variety of tissues, e.g., placenta and animal tails 
and using the isolated material to reconstitute collagenous 
matrices. These knoWn methods rely on the protein’s intrin 
sic ability to retain its secondary structure during protein 
isolation and assume that, for instance, the alpha helix Will 
retain its helical structure throughout. The end result, even 
With a homogenous biochemical composition, can be a 
heterogeneous secondary structure. Controlling the assem 
bly of the constituting monomers into tertiary or quaternary 
multimeric arrangements is very hard to achieve under such 
conditions. One embodiment of the present invention is 
directed to controlling the polymerization of a composition 
comprising solubilized collagen to form a collagen based 
scaffold that has the requisite microstructure and composi 
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tion to allow for the expansion, differentiation and/ or clonal 
isolation of stem cells in a highly reproducible and predict 
able manner. 

SUMMARY 

[0010] The present invention relates to compositions com 
prising a three dimensional matrix that is formed to have the 
requisite composition and microstructure to enhance the 
proliferation and/or differentiation of stem cells or progeni 
tor cells cultured Within such a matrix. In accordance With 
one embodiment an improved method for culturing stem 
cells is provided. The method comprises preparing a solu 
bilized collagen composition from a source of collagen, 
adding cells to the solubilized collagen composition and 
polymerizing the collagen composition under controlled 
conditions to provide a matrix formed from collagen ?brils 
and having the desired microstructure. In one embodiment 
cells are added to the collagen based matrix at a cell density 
Within tWo orders of magnitude of the minimum cell number 
required to maintain cell viability, and the cells are cultured 
under conditions suitable for proliferation of the cells. In one 
embodiment the three dimensional matrix has a ?bril area 
fraction (de?ned as the percent area of the total area occu 
pied by ?brils in a cross-sectional surface of the matrix; 
providing an estimate of ?bril density) of about 8% to about 
26% and an elastic or linear modulus (de?ned by the slope 
of the linear region of the stress-strain curve) of about 0.5 to 
about 40 kPa. In one embodiment the three dimensional 
matrix is further provided With an exogenous source of 
glucose and calcium chloride. 
[0011] In accordance With one embodiment, stem cell 
seeded engineered puri?ed collagen based matrices are used 
as novel compositions for inducing the repair of damaged or 
disease tissues in vivo. In one embodiment the tissue graft 
construct comprises an engineered puri?ed collagen based 
matrix, Wherein the matrix is formed by contacting puri?ed 
collagen With hydrochloric acid to produce a solubilized 
collagen composition and subsequently polymerizing the 
solubilized collagen composition under controlled condi 
tions and in the presence of a population of cells to produce 
the engineered puri?ed collagen based matrix containing 
cells entrapped Within the matrix. In one embodiment the 
population of cells comprises stem cells initially added to 
the composition at a density of less than 105 cells per 
milliliter, or the progeny of such stem cells. In one embodi 
ment the stem cell seeded engineered puri?ed collagen 
based matrices are implanted into a host Without culturing 
the seeded stem cells in vitro. In another embodiment the 
stem cell seeded engineered puri?ed collagen based matrix 
is further incubated under conditions suitable for inducing 
the proliferation and/or differentiation of the seeded stem 
cells. 
[0012] In another embodiment the stem cells are added to 
the engineered puri?ed collagen based matrices at densities 
of less than 103 cells per milliliter and the cells are cultured 
under conditions that are minimally permissive for stem cell 
functionality. These conditions result in the production of 
localized populations of stem cells and thus alloW for the 
isolation of clonal populations of stem cells. Accordingly, in 
one embodiment, a method of isolating clonal populations of 
individual stem cells is provided. The method comprises the 
steps of contacting a collagen based matrix With a loW 
density of stem cells Wherein said collagen matrix is formed 
by contacting a source of collagen With HCl to prepare a 
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solubilized collagen composition, polymerizing the solubi 
lized collagen composition using a ?nal collagen concen 
tration of 1.0 to 3.0 mg/ml, at a pH of about 6.5 to about 7.0. 
In one embodiment the initial seeded population of stem 
cells ranges from about 10 to about 103 cells per milliliter. 
The seeded stem cells are cultured under conditions suitable 
for proliferation of the cells and individual populations of 
stem cells are isolated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIGS. 1A-1F present data shoWing the effect of 
various parameters on the stiffness (elastic or linear modu 
lus) of the formed matrix. FIG. 1A represents the effect of 
polymerization temperature on a matrix formed from a 
solubilized collagen composition comprising 1 mg/ml col 
lagen in l><PBS at pH 7.4; FIG. 1B represents the effect of 
the buffer type on a matrix formed from a solubilized 
collagen composition comprising 1 mg/ml collagen, and 
about 0.15 M NaCl at 37° C.; FIG. 1C represents the effect 
of pH (using a phosphate buffer) on a matrix formed from a 
solubilized collagen composition comprising 1 mg/ml col 
lagen, in l><PBS at pH 7.4; FIG. 1D represents the effect of 
pH (using a tris buffer) on a matrix formed from a solubi 
lized collagen composition comprising 1 mg/ml collagen, in 
50 mM tris, and about 0.15 M NaCl at 37° C. FIG. 1E 
represents the effect of ionic strength on a matrix formed 
from a solubilized collagen composition comprising 1 
mg/ml collagen, no buffer, at 37° C.; FIG. 1F represents the 
effect of phosphate concentration on a matrix formed from 
a solubilized collagen composition comprising 1 mg/ml 
collagen, and about 0.15 M NaCl at 37° C.; FIG. 1G 
represents the effect of SIS component concentration on a 
matrix formed from a solubilized ECM collagen composi 
tion in l><PBS at 37° C. 
[0014] FIGS. 2A & 2B represent a series of graphs shoW 
ing the quanti?cation of ?bril area fraction (FIG. 2A) and 
?bril diameter distribution (FIG. 2B) based upon confocal 
and SEM images, respectively. All ?bril area fraction rela 
tionships shoWing statistically signi?cant differences (p<0. 
05) are indicated With symbols (*, **, C, 0). 
[0015] FIGS. 3A-3D represent a series of graphs shoWing 
cell length (FIG. 3A), length/Width ratio (FIG. 3B), Width 
(FIG. 3C), and surface area (FIG. 3D) determined and 
compared for neonatal human dermal ?broblasts (NHDFs) 
seeded Within 3D ECMs prepared With 1.5 mg/ml type I 
collagen, and a type III collagen content that varied from 0 
to 0.75 mg/ml. Results represent the means and standard 
deviations for l0§n§23 cells analyzed for each ECM 
formulation at a given time point. All groups shoWing 
statistically signi?cant differences (p<0.05) are marked With 
the same symbol. 
[0016] FIGS. 4A-4D represent a series of images depict 
ing cell contractility and matrix remodeling by individual 
NHDFs resident Within type I collagen (1.5 mg/ml) ECMs 
prepared With type III collagen concentrations of 0.25 
mg/ml (FIGS. 4A and 4B) and 0.75 mg/ml (FIGS. 4C and 
4D). FIGS. 4A and 4C represent 2D projections of confocal 
re?ection image stacks shoWing changes to NHDF morphol 
ogy and collagen ?bril microstructure observed 5 hours after 
polymerization. FIGS. 4B and 4D represent quanti?ed levels 
of local volumetric strain (matrix deformation) Within the 
3D tissue construct. 
[0017] FIG. 5 represents a graph depicting contractility 
and matrix remodeling Within engineered ECMs. NHDFs 
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Were grown Within engineered ECMs in Which the type I 
collagen concentration Was kept constant at 1.5 mg/ml and 
the amount of type III collagen Was either 0.25 mg/ml or 
0.75 mg/ml. Average local 3D principal strains for a single 
cell and its surrounding ECM Were quanti?ed 5 hours 
post-polymerization (5 éné 6). Negative strain values indi 
cate compressive deformations. All relationships shoWing 
statistically signi?cant differences (p<0.05) are indicated 
With symbols (*, **, C, 0, III, +). 
[0018] FIG. 6 represents a graph shoWing that points of 
maximum local deformation or strain induced Within a 3D 
tissue construct, by loW passage neonatal human dermal 
?broblasts, occurred at distances further from the cell than 
for engineered ECMS prepared With loWer amounts of type 
III collagen. NHDFs Were groWn Within engineered ECMs 
in Which the type I collagen concentration Was kept constant 
at 1.5 mg/ml and the amount of type III collagen Was either 
0.25 mg/ml or 0.75 mg/ml. 
[0019] FIGS. 7A & 7B represent a series of graphs depict 
ing data regarding the proliferation of loW passage human 
dermal ?broblasts When groWn Within a 3D ECM format 
consisting of type I collagen ECMs prepared Within increas 
ing amounts of type III collagen (see FIG. 7A). NHDFs 
exposed to 2D ECM surface coatings representing the same 
biochemical compositions and collagen type I/III ratios 
shoWed no signi?cant changes in proliferative response (see 
FIG. 7B). Selected relationships shoWing statistically sig 
ni?cant differences (p<0.05) are indicated With symbols 
(*7 **7 .7 CD)' 
[0020] FIG. 8 represents a bar chart shoWing differences in 
the expression of select tissue-speci?c genes by multi 
potential bone marroW derived mesenchymal cells groWn on 
standard 2D plastic and Within 3D ECM microenvironments 
of increased ?bril density and stiffness (elastic or linear 
modulus). Gene expression patterns for mesenchymal cells 
cultured Within a given 2D or 3D format Was also modulated 
by changing the composition of the culture medium. 
[0021] FIG. 9 is a schematic representation of general cell 
behavior of multi-potential bone marroW derived mesenchy 
mal cells When cultured Within 3D matrices that differ in 
collagen concentration to provide an ECM microenviron 
ment characterized by increased ?bril density and stiffness 
(elastic or linear modulus). Points of arroW indicate loW 
frequency events and Wide ends of arroWs indicate high 
frequency events. 

DETAILED DESCRIPTION 

De?nitions 

[0022] As used herein, the term “stem cell” refers to an 
unspecialized cell from an embryo, fetus, or adult that is 
capable of self-replication or self-reneWal and can develop 
into specialized cell types of a variety of tissues and organs. 
The term as used herein, unless further speci?ed, encom 
passes totipotent cells (those cells having the capacity to 
differentiate into extra-embryonic membranes and tissues, 
the embryo, and all post-embryonic tissues and organs), 
pluripotent cells (those cells that can differentiate into cells 
derived from any of the three germ layers), and multipotent 
cells (those cells having the capacity to differentiate into a 
limited range of differentiated cell types). 
[0023] As used herein the term “progenitor cell” refers to 
a stem cell With more specialization and less differentiation 
potential than a totipotent stem cell. For example, progenitor 
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cells include unipotential cells (those cells having the capac 
ity to differentiate along a single cell lineage). 
[0024] As used herein, the term “lyophilized” relates to 
the removal of Water from a composition, typically by 
freeze-drying under a vacuum. HoWever, lyophilization can 
be performed by any method knoWn to the skilled artisan 
and the method is not limited to freeze-drying under a 
vacuum. Typically, the lyophilized tissue is lyophilized to 
dryness, and in one embodiment the Water content of the 
lyophilized tissue is beloW detectable levels. 
[0025] As used herein “solubilized collagen composition” 
refers to a composition that comprises collagen in a pre 
dominantly soluble monomeric form (for example Wherein 
less than 20% of the collagen is insoluble, denatured, or 
assembled in higher ordered structures). 
[0026] As used herein “solubilized extracellular matrix 
composition” refers to a naturally occurring extracellular 
matrix that has been treated, for example, With an acid to 
reduce the molecular Weight of at least some of the com 
ponents of the extracellular matrix and to produce a com 
position Wherein at least some of the components of the 
extracellular matrix have been solubilized from the extra 
cellular matrix. The “solubilized extracellular matrix com 
position” may include insoluble components of the extra 
cellular matrix as Well as solubilized components. 

[0027] As used herein the term “collagen-based matrix” 
refers to extracellular matrices that comprise collagen. An 
“engineered puri?ed collagen based matrix” as used herein 
relates to a composition comprising a collagen ?bril scaffold 
that has been formed under controlled conditions from a 
solubilized collagen composition, Wherein the solubilized 
collagen composition is prepared from a composition con 
sisting essentially of collagen. The conditions controlled 
during the polymerization reaction include one or more of 
the folloWing: pH, phosphate concentration, temperature, 
bulfer composition, ionic strength, and composition and 
concentration of puri?ed collagen components. Similarly, an 
“engineered extracellular matrix” relates to a solubilized 
extracellular matrix composition that is polymerized to form 
a collagen ?bril containing matrix under controlled condi 
tions, Wherein the controlled conditions include pH, phos 
phate concentration, temperature, bulfer composition, ionic 
strength, and composition and concentration of the extra 
cellular matrix components Which includes both collagen 
and non-collagenous molecules. A “bioactive engineered 
extracellular matrix” composition refers to an engineered 
extracellular matrix composition that can be polymerized to 
form a three dimensional scaffold that is capable of remod 
eling tissues in vivo. 
[0028] As used herein the term “naturally occurring extra 
cellular matrix” comprises any noncellular material natu 
rally secreted by cells (such as intestinal submucosa) iso 
lated in their native con?guration With or Without naturally 
associated cells. 

[0029] As used herein the term “submucosal matrices” 
refers to natural extracellular matrices, knoWn to be effective 
for tissue remodeling, that have been isolated in their native 
con?guration, including submucosa derived from vertebrate 
intestinal tissue, stomach tissue, bladder tissue, alimentary 
tissue, respiratory tissue and genital tissue. 
[0030] As used herein the term “exogenous” or “exog 
enously added” designates the addition of a neW component 
to a composition, or the supplementation of an existing 



US 2007/0269476 A1 

component already present in the composition, using mate 
rial from a source external to the composition. 
[0031] As used herein “sterilization” or “sterilize” or 
“sterilized” means removing unWanted contaminants includ 
ing, but not limited to, endotoxins, nucleic acid contami 
nants, and infectious agents. 
[0032] As used herein “stiffness” or elastic or linear modu 
lus” refers to the fundamental material property de?ned by 
the slope linear portion of a stress-strain curve that results 
from conventional mechanical testing protocols. 
[0033] As used herein, the term “puri?ed” and like terms 
relate to the isolation of a molecule or compound in a form 
that is substantially free from other components With Which 
they are naturally associated (e.g., the total amount of 
nondesignated components present in the composition rep 
resenting less than 5%, or more typically less than 1%, of 
total dry Weight). 
[0034] As used herein the term “three dimensional puri?ed 
collagen matrix (3D matrix)” refers to an engineered puri 
?ed collagen based matrix, as de?ned above, and the ?uid 
that surrounds the collagen ?bril netWork. A “3D puri?ed 
collagen matrix populated/seeded With cells” further com 
prises a viable population of cells contained Within the 
matrix. 
[0035] As used herein the term “three dimensional extra 
cellular matrix (3D ECM)” refers to an engineered extra 
cellular matrix, as de?ned above, and the ?uid that sur 
rounds the collagen ?bril netWork. A “3D extracellular 
matrix populated/seeded With cells” further comprises a 
viable population of cells contained Within the matrix. 
[0036] As used herein the term “three dimensional matrix 
(3D matrix)” is a generic term that is intended to include 
both “three dimensional puri?ed collagen matrices (3D 
puri?ed collagen matrices)” as Well as “three dimensional 
extracellular matrices (3D ECM). 
[0037] As used herein the term “collagen ?bril” refers to 
a quasi-crystalline, ?lamentous structure formed by the 
self-assembly of soluble trimeric collagen molecules. The 
collagen molecules in a collagen ?bril typically pack in a 
quarter-staggered pattern giving the ?bril a characteristic 
striated appearance or banding pattern along its axis. Solu 
bilized collagen that is assembled in vitro to form collagen 
?brils exhibit similarities to collagen structures found in 
vivo (Veis and George, 1994 Fundamental of interstitial 
collagen assembly. In: Yurchenco P D, Birk D E, and 
Mecham R P (eds.), Extracellular Matrix Assembly and 
Structure, Academic Press, Inc., San Diego, pp. 15-45.). 
Within tissues in vivo, collagen ?brils are organized as 
bundles in a hierarchical manner to form ?bers. Collagen 
?bers are further organized in a tissue-speci?c fashion to 
provide tissues With speci?c structural-functional properties. 
Collagen ?brils are distinct from the amorphous aggregates 
or precipitates of insoluble collagen that can be formed by 
dehydrating (e.g., lyophilization) collagen suspensions to 
form porous netWork scaffolds. Collagen netWorks formed 
from amorphous aggregates, or precipitates of insoluble 
collagen, have characteristics that distinct from those 
formed from collagen ?brils as de?ned above. 

EMBODIMENTS 

[0038] Cell culture scaffolds presenting a more biologi 
cally relevant microenvironment are disclosed. More par 
ticularly, these cell culture scaffolds comprise three-dimen 
sional matrices/biomaterials that are created from 
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solubilized collagen compositions. The solubilized collagen 
compositions are prepared from biological sources, such as 
naturally occurring extracellular matrices, including for 
example submucosal matrices. More particularly, the 
soluble polymers suitable for use in the present invention 
can be isolated, to varying degrees of purity, from natural 
tissues and include, but are not limited to, type I collagen, 
type III collagen, groWth factors and glycosaminoglycans. In 
one embodiment the solubilized collagen composition com 
prises puri?ed type I collagen or a mixture of puri?ed type 
I and type III collagen. When provided With the proper 
conditions, the solubilized collagen composition undergoes 
polymerization/self assembly to form a three dimensional 
sca?‘old/biomaterial comprised of collagen ?brils. In one 
embodiment the soluble polymers comprise type I collagen 
monomers, Where upon polymerization the resulting scaf 
folds represent a composite material comprising insoluble 
collagen ?brils and an inter?brillar ?uid component, 
referred to herein as a three dimensional matrix. 

[0039] An array of scalfolds/biomaterials can be created 
by varying the composition of ECM molecules as Well as the 
self-assembly/polymerization conditions. Surprisingly, 
applicants have discovered that upon seeding progenitor 
cells or stem cells Within engineered puri?ed collagen based 
matrices (scaffolds) representing different microstructural 
compositions (e.g., having different dimensioned and orga 
nizations of the collagen ?brils and ?laments), distinct 
patterns of cell survival, groWth, proliferation, and differ 
entiation are obtained. In particular, applicants have discov 
ered that engineered puri?ed collagen based matrices rep 
resenting dilferent microstructural compositions (e.g., 
varied ?bril dimensions (length, diameter) and densities) 
Will impact the rate of cell proliferation as Well as the pattern 
of cellular condensation, aggregation, fusion, and cellular 
differentiation events and their associated time-line. These 
results are signi?cant because they indicate that engineered 
puri?ed collagen based matrices can be speci?cally designed 
to foster the proliferation of stem cells While maintaining 
their precursor or multi-potential status. Furthermore, engi 
neered puri?ed collagen based matrices can be designed to 
direct differentiation of cells doWn a speci?c cell lineage 
(such as fat, bone, muscle, or cartilage) to form 3D orga 
notypic tissues (that is reminiscent of in vivo tissue structure 
and function). 
[0040] In accordance With one embodiment, stem cells 
and/or progenitor cells are seeded at relatively loW densities 
on or Within the various engineered puri?ed collagen based 
matrices. It is knoWn that, in general, cell behavior is 
determined by a combination of signal inputs arising from 
soluble factors, biophysical factors, the extracellular matrix 
substrate, and cell-cell interactions. Seeding cells at a rela 
tive loW cell density on or Within the collagen based matrices 
of the present invention alloWs ECM-based signaling to 
predominate over signals derived from cell-cell interactions. 
In accordance With one embodiment, cells are initially 
seeded on or Within the engineered puri?ed collagen based 
matrices at a minimal cell density that Will alloW for cell 
viability and replication (i.e., the minimal functionality 
density). This minimal functional density can be easily 
established for the particular cell type to be cultured and for 
the speci?c culture conditions utilized. 
[0041] In accordance With one embodiment the stem cells 
or progenitor cells are seeded Within the collagen based 
matrix at a cell density substantially higher than the minimal 
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functionality density but at a relative loW density compared 
to standard cell culture techniques. In one embodiment the 
cells comprise stem cells, Wherein the cells are seeded at a 
density Within 3 orders of magnitude of the minimal func 
tionality density, in another embodiment stem cells are 
seeded at a density Within 2 orders of magnitude of the 
minimal functionality density, and in another embodiment 
the stem cells are seeded at a density Within an order of 
magnitude of the minimal functionality density. The stem 
cells can be seeded at a relatively high density of about 
1><10 to about 1><108 cells/ml, or at a more typical density of 
about 1><103 to about 1><105 cells/ml. Seeding the cells at the 
relative high density of about 1><106 to about 1><108 cells/ml 
Will promote cell to cell interactions over cell to matrix 
interactions. Accordingly, stem cells seeded at relatively 
high densities Will develop into fat tissue even When the cells 
are cultured Within 3D matrices of high collagen ?bril 
density. In one embodiment stem cells are seeded at a 
density of less than 5><104 cells/ml, more typically at a 
density of about 5><104 cells/ml. In another embodiment 
stem cells are seeded at a density of less than 1><104 cells/ml, 
in another embodiment stem cells are seeded at a density 
selected from a range of about 1><102 to about 5x103. 

[0042] As disclosed herein an improved method for cul 
turing stem cells is provided that uses three dimensional 
puri?ed collagen based matrices. The improved method 
alloWs for enhanced proliferation of stem cells as Well as 
better control over the differentiation of the cultured cells. In 
one embodiment the method comprises the steps of provid 
ing a solubiliZed collagen composition, adding cells to the 
collagen composition, and polymeriZing the solubiliZed col 
lagen composition to form collagen ?brils. The solubiliZed 
collagen composition comprises collagen that has been 
isolated With or Without additional components from natural 
tissues. 

[0043] In accordance With one embodiment the solubi 
liZed collagen composition is prepared using puri?ed type I 
collagen as a starting material. In one embodiment collagen, 
and more particularly type I or type III collagen, that has 
been isolated from tissues is subjected to a ?nal puri?cation 
step that removes any reagents that Were used during the 
isolation steps. In one embodiment the ?nal puri?cation step 
comprises dialyZing the isolated collagen in an aqueous 
solution, and in one embodiment the isolated collagen is 
dialyZed against a dilute acid solution, including for 
example, hydrochloric acid. In one embodiment the ?nal 
puri?cation step comprises dialyZing the isolated collagen 
against a 0.01 N HCl solution. Isolated type I or isolated type 
III collagen preparations are commercially available, and 
these commercially available materials are subjected to a 
further puri?cation step, including for example, dialyZing 
against a dilute (about 0.001 N to about 0.1 N) hydrochloric 
acid solution to produce puri?ed collagen suitable for use for 
forming 3D puri?ed collagen matrices. The dialysate can 
optionally be ?ltered and/or centrifuged to remove particu 
late matter. In accordance With one embodiment, the col 
lagen component of the solubiliZed collagen composition 
consists essentially of puri?ed collagen, the majority of 
Which are in monomeric form. In a further embodiment the 
composition is formed from puri?ed collagen (the majority 
of Which are in monomeric form) that is greater than 75% 
type I collagen, or greater than 90% type I collagen. In one 
embodiment a composition consisting essentially of puri?ed 
collagen is dissolved in an acid solution, such as hydrochlo 
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ric acid to prepare a solubiliZed collagen composition of the 
desired concentration. In one embodiment the puri?ed col 
lagen is dissolved in about 0.001 N to about 0.1 N, from 
about 0.005 N to about 0.1 N, from about 0.005 N to about 
0.01 N, from about 0.01 N to about 0.1 N, from about 0.05 
N to about 0.1 N, from about 0.001 N to about 0.05 N, about 
0.001 N to about 0.01 N, or from about 0.01 N to about 0.05 
N hydrochloric acid solution. 
[0044] In another embodiment, a three dimensional puri 
?ed collagen matrix is provided, Wherein the matrix is 
formed from a solubiliZed collagen composition Wherein the 
collagen components of the solubiliZed collagen composi 
tion consist essentially of puri?ed type I and type III 
collagen. The component ?brils of such matrices have been 
found to have a greater degree of ?exibility relative to the 
?brils of engineered puri?ed collagen matrices that are 
formed using only type I collagen. In one embodiment the 
matrix comprises type I collagen and type III collagen in a 
ratio of 200: 1. The method of forming matrices With ?brils 
that exhibit a higher degree of ?exibility comprises the steps 
of combining in vitro at least 100 ug/ml of type I collagen 
With at least 0.5 ug/ml of type III collagen to obtain a total 
amount of collagen, and forming in vitro a three dimensional 
puri?ed collagen matrix Wherein the three dimensional 
matrix has decreased sti?fness compared to a 3D matrix 
formed in vitro With type I collagen When the total amount 
of collagen in the tWo matrices is equivalent. 

[0045] In another embodiment, a method of preparing an 
extracellular matrix composition is provided. The method 
comprises the steps of combining in vitro at least 100 ug/ml 
of type I collagen With at least 0.5 ug/ml of type III collagen 
to obtain a total amount of collagen, and forming in vitro a 
three dimensional matrix. In one embodiment the type I and 
type III collagen is dissolved in about 0.001 N to about 0.1 
N, from about 0.005 N to about 0.1 N, from about 0.005 N 
to about 0.01 N, from about 0.01 N to about 0.1 N, from 
about 0.05 N to about 0.1 N, from about 0.001 N to about 
0.05 N, about 0.001 N to about 0.01 N, or from about 0.01 
N to about 0.05 N hydrochloric acid solution either before 
or after the combining step. 

[0046] In another embodiment, an extracellular matrix 
composition for use in repairing diseased or damaged tissues 
is provided. The extracellular matrix composition comprises 
at least 100 ug/ml of type I collagen and at least 0.5 ug/ml 
of type III collagen, Wherein the type I collagen to type III 
collagen ratio is selected from the group consisting of 200: 1, 
100:1, 50:1, 15:1, 10:1, 8:1, 6:1, 5:1, 3:1, and 2:1, and a 
population of cells. The matrix is formed by provided a 
solubiliZed collagen composition comprising type I and type 
III collagen, in a ratio selected from the group consisting of 
200:1, 100:1, 50:1, 15:1, 10:1, 8:1, 6:1, 5:1, 3:1, and 2:1, 
polymeriZing the solubiliZed collagen composition to form 
collagen ?brils, and adding cells to the collagen composition 
either before or after the polymeriZation step. In one 
embodiment a composition comprising solubiliZed collagen 
and stem cells is injected into a host and the polymerization 
of the solubiliZed collagen composition occurs in vivo to 
form a cell entrapping matrix. Alternatively, the solubiliZed 
collagen composition can be polymerized in vitro and the 
polymeriZed matrix, comprising the population of cells, can 
be subsequently injected or implanted in a host. In another 
embodiment the population of cells entrapped Within the 3D 
matrix can be cultured in vitro, for a predetermined length 
of time, to increase cell numbers and/or induce differentia 




























































