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Integration of stem cells to injured tissues requires an appropriate delivery device and scaffolding system. In the
present study we have developed an in vitro strategy to load and release adipose-derived mesenchymal stem cells
(ASC) from chitosan microspheres (CSM) into a collagen gel scaffold. Porous CSM of uniform size and compo-
sition were prepared and used as a stem cell carrier. ASC were allowed to attach to the microspheres and infiltrate
through the microsphere pores. The number of viable cells was counted in vitro, using MTT and Calcein acetox-
ymethyl ester (AM) assays, and it showed a proportional increase with seeding density and reached a maximum
cell number by 24 h. The cells inside the microspheres remained metabolically active and viable, could be retrieved
from the spheres, and maintained expression of stem-cell-specific markers. Electron microscopic evaluation of the
cell-microsphere complex showed that the CSM were able to support cell attachment and that the cells had
infiltrated into the pores of the microspheres. The ability of the cells to proliferate and differentiate into adipogenic-
and osteogenic-like precursors indicates that the cells have maintained their multipotency after migration out of
the microspheres. To mimic cell delivery into a tissue, ASC-loaded CSM were embedded in type-1 collagen
scaffold by mixing them with type-1 collagen solution while inducing gelation. By 14 days the cells released into
the collagen gel and were able to populate the entire scaffold. When observed through transmission electron
microscopy, the cells align along the collagen fibrils with a characteristic fibroblast-like morphology. This study
provides a model to capture pluripotent stem cells, expand their cell number within a biomaterial scaffold in vitro,
and deliver within an appropriate matrix to repair damaged tissue.

Introduction

REGENERATIVE THERAPIES USING stem-cell-based tissue
engineering approaches offer the potential for the treat-
ment of diseases, as well as the repair of damaged tissue and
organs." Adult mesenchymal stem cells are a population of
fibroblast-like progenitor cells that possess a capacity of self-
renewal, long-term viability, and multiple lineage potential.4
Mesenchymal stem cells derived from adipose tissues (ASC)
differentiate into multiple phenotypes, including adipose,
muscle, bone, neuronal, endothelial, hepatocyte, and epithelial-
like cells.>™ ASC are easily isolated from the stromal vascu-
lature of subcutaneous adipose tissue by liposuction with
minimally invasive procedures, and the excised adipose
contains 100-1000 times more pluripotent cells per cubic
centimeter than bone marrow.'’ This makes adipose tissue an
attractive in vivo cellular source of autologous stem cells for
regenerative therapies. Recent studies provide evidence that
ASC expanded in vitro lack cellular immunogenicity and are
nonimmunogenic even when used in immunocompetent

animals.'"'> Other immunological data provide evidence that
ASC do not stimulate alloreactivity and were found to exhibit
immunosuppressive activity, suggesting that ASC can be
transplanted safely.'>'> ASC when delivered to tissue defects
elicit tissue regeneration by paracrine activation of host cells
through secretion of growth factors,'®!” autocrine signaling,'®
or through direct cell—cell interactions.'*

Cell-based therapies to repair and regenerate tissues have
tremendous potential to treat a wide array of tissue defects
and diseases.’’ > Current tissue engineering techniques
implant stem cells directly, use aqueous solutions including
saline or plasr11a24’25 as carrier, or deliver cells in a three-
dimensional (3D) biocompatible and biodegradable matrix to
replace the specific injured tissue.”® Still, a major challenge
remains in the repair of large soft-tissue trauma that pre-
dominate in combat-related extremity injuries. These injuries
are normally large and usually involve multiple tissue types,
including skin, muscle, tendon, and bone, that need to be
repaired.”” Scaffold materials provide stem cells an environ-
ment favorable for adhesion, proliferation, and differentiation
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to enhance the repopulation and regeneration of the dam-
aged tissue.”® There is also a desire to deliver viable stem
cells that will enable them to utilize the microenvironmental
cues to differentiate into specific cell phenotype. Three-
dimensional extracellular matrix (ECM) present in interstitial
tissues is the prototypic substrate for cell migration, morpho-
genesis, immune defense, and wound repair. These tissues
contain significant amounts of collagen as the extracellular
matrix component. Integration of stem cells within a collage-
nous matrix as a seeding medium has been shown to enhance
loading of the cells into scaffold and, more importantly, in-
crease their proliferation during 3D culture.”” The embedded
cells were also shown to be fine tuned to differentiate into
specific cell types in an optimized induction medium.**>
Other scaffolds currently being used to regenerate viable
tissues contain materials that vary widely in their chemical,
mechanical, and structural properties. Natural polymers such
as collagen, chitosan, alginate, and gelatin have been used
extensively due to their biocompatibility and high efficiency to
integrate with host tissue.*® Stem cell therapy using polymeric
micro- and nanocarriers based on these natural polymers (e.g.,
collagen, alginate, and fibrin) or synthetic polymers (e.g., poly
lactide co-glycolic acid (PLGA) and poly-L-lysine) have been
successfully used cell delivery devices.**® Although these
biomaterials have been shown to be conducive for cell growth
and differentiation, when the cells are encapsulated inside the
polymer matrix and congealed into spheres, the cells ability to
proliferate and migrate into the damaged tissue is inhibited.>”
To overcome the problem of the inability of encapsulated
cells to migrate and still deliver them effectively, in this study
we have loaded ASC within chitosan microspheres (CSM)
carriers using cell culture insert technique. Chitosan was
chosen since it is a cationic polysaccharide with excellent bio-
compatibility, porous structure, and gel-forming properties, it
can be easily chemically modified, and it has a high affinity for
in vivo macromolecules.3**° Therefore, chitosan acts to mimic
the polysaccharide and glycosaminoglycan portion of the
extracellular matrix, enabling it to function as a substrate for
cell adhesion, migration, and proliferation. Recently, it has
been shown that chitosan can be combined with other poly-
mers, such as collagen and silk fibroin, and used as a delivery
vehicle for adipose-derived stem cells and enhance soft tissue
repair.*"*? The ASC-loaded CSM-polymer composites were
then evaluated in vitro as a cell delivery device and were shown
to maintain viability within the microspheres and their multi-
lineage differentiation potential after migrating from the mi-
crospheres.41 In addition, the ASC-loaded microspheres were
incorporated into collagen gel matrix and assessed for release
from microsphere and phenotypic changes in the gel matrix.*'

Materials and Methods
Isolation of adipose-derived stem cells

Rat ASC were isolated from perirenal and epididymal
adipose tissue as previously described.*® Perirenal and epidid-
ymal fat was collected and washed with sterile Hank’s buff-
ered balance solution containing 1% bovine serum albumin.
The tissue was minced, transferred into 25mL of Hank’s
buffered balance solution/1% bovine serum albumin, and
centrifuged at 500 g for 5min at room temperature. The free-
floating adipose tissue layer was collected and treated with
collagenase type II (200 U/mL; Sigma-Aldrich, St. Louis, MO)
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for 45 min at 37°C in an orbital shaker. The digested tissue was
then filtered through 100 um and 70 um nylon mesh filter,
centrifuged at 500 g for 10min at room temperature, and
washed twice with sterile phosphate-buffered saline (PBS).
The cell pellet was resuspended in growth medium (Mesen-
PRO RS™ Basal Medium) supplemented with MesenPRO RS
Growth Supplement, antibiotic-antimycotic (100U/mL of
penicillin G, 100 pg/mL streptomycin sulfate, and 0.25 pg/mL
Amphotericin B), and 2mM L-glutamine (Gibco/Invitrogen,
Carlsbad, CA). Cells were cultured on T75 flasks (BD Bio-
sciences, San Jose, CA) and maintained in a 5% CO, humid-
ified incubator at 37°C. Passage 2-4 ASC were used for all
experiments.

Preparation of CSM

CSM were prepared by water-in-oil emulsification process
along with an ionic coacervation technique using our previous
protocol at room temperature.*” Briefly, an aqueous solution
of chitosan (6 mL of 3%w /v chitosan in 0.5M acetic acid) was
emulsified in an oil phase mixture consisting of soya oil and
n-octanol (1:2 v/v) in the presence of 5% sorbitan-monooleate
(span 80) emulsifier, using an overhead (1700 rpm) and mag-
netic stirring (1000rpm) simultaneously. The mixture was
continuously stirred for approximately 1 h until a stable water-
in-oil emulsion was obtained, followed by the addition of
1% w/v of potassium hydroxide (1.5mL/15min for 4h) in
n-octanol to initiate ionic gelation. After completion of the
crosslinking reaction, the oil phase of the mixture containing
CSM was slowly decanted and the spheres were immediately
added to 100mL of acetone. The spheres were repeatedly
washed with acetone until discrete, oil-free spheres were
obtained. The recovered spheres were dried in a vacuum
desiccator and sized using particle size analyzer (Malvern
Mastersizer E-Laser, Malvern, United Kingdom). For subse-
quent experiments CSM were sterilized using absolute alcohol
and washed three times with sterile water to remove resid-
ual salts.

Free amino groups in CSM

The number of free amino groups present in CSM, before
and after ionic gelation, was determined using the trinitro
benzenesulfonic (TNBS) acid assay of Bubins and Ofner.*
Briefly, a known amount of microspheres (5-10 mg) was in-
cubated with 1 mL of 0.5% TNBS solution for 4 h at 40°C and
hydrolyzed using 3mL of 6N HCI at 60°C for 2h. Samples
were cooled to room temperature, and 5mL of deionized
water was added and extracted with 10mL of ethyl ether. A
5mL aliquot of the aqueous phase was warmed to 40°C for
15min to evaporate any residual ether, cooled to room tem-
perature, and then diluted with 15mL of water. The absor-
bance was measured at 345 nm using a Beckman Coulter DU
800 UV/Visible Spectrophotometer (Beckman, Brea, CA) against
TNBS solution without chitosan as blank, and the chitosan used
for sphere formation was used as a standard for total amino
group. The relation between absorbance and percentage of free
amino groups relative to chitosan was estimated.

Loading ASC in CSM

Sterilized CSM (5 mg) equilibrated in sterile PBS overnight
were added to culture plate inserts with an 8 um pore size
membrane (24-well format; BD Biosciences, San Jose, CA),
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after the CSM settled, the PBS was aspirated and replaced
with 300 pL of growth medium. ASC resuspended in 200 uL
of medium were seeded at different concentrations (1x10* to
4x10% over the CSM in culture inserts. The final volume of
medium within the culture insert, after seeding, was 500 pL,
and the volume of medium surrounding the insert was
700 pL. Cells seeded on CSM were incubated for 12, 24, 48,
72, and 96 h in a humidified incubator at 37°C and 5% CO,.

Percentage ASC loading and cell viability in CSM

After incubation the ASC-loaded CSM were collected in
sterile 1.5 mL microcentrifuge tubes without disturbing the
cells that had migrated into the insert membrane. The residual
medium was removed and 250 uL of fresh growth medium
was added. To each tube 25 pL MTT [3-(4,5-dimethylthiozole-
2-y1)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich,
St. Louis, MO] solution (5 mg/mL) was added and incubated
for 4h in a 5% CO, humidified incubator at 37°C.*" After
incubation the medium was removed, 250 pL of dimethyl
sulfoxide (Sigma-Aldrich) was added, and the mixture was
vortexed for 2-5min to solubilize the formazan complex.
CSM were then centrifuged at 2700 g for 5min, and the ab-
sorbance of supernatant was measured at 570 nm with 630 nm
as reference using Molecular Devices Spectramax M2 Micro-
plate Reader (Molecular Devices, Sunnyvale, CA). Similarly,
cells in the culture inserts were treated with MTT, the for-
mazan complex solubilized with dimethyl sulfoxide was
collected, and the absorbance of supernatant was measured.
The cell number associated with the CSM and those on the
insert was determined relative to the standard absorbance
value obtained from known numbers of viable ASC.

Fluorescent and confocal microscopic morphological
analysis of ASC in CSM

ASC were cultured with CSM for 24 h, incubated with 2 uM
Calcein AM (Sigma-Aldrich) for 30min, and washed twice
with PBS. The cells were observed for viability using an
Olympus IX71 inverted microscope equipped with a reflected
fluorescence system (Olympus America, Center Valley, PA).
Photomicrographs of Calcein acetoxymethyl ester (AM)
stained and unstained cells were taken using a DP71 digital
camera, and overlay of images was carried out using DP con-
troller application software. To obtain 3D images, optical sec-
tions of Calcein AM stained cells were taken using an Olympus
FV-500 Laser Scanning Confocal Microscope (Olympus
America), equipped with a three-channel detection system for
fluorescence, a differential interference contrast image laser
light source, and a Z-stepper motor. The 3D stereoscopic im-
ages were generated from a series of Z-stacked photomicro-
graphs using Fluoview and Tiempo Ratio Imaging software,
and final images were processed using Image J software (image
processing and analysis in Java; NIH, Bethesda, MD).

ASC-CSM-embedded collagen gel
and characterization

Before culturing ASC in CSM, the cells were cytoplasmi-
cally labeled with quantum dot (Qdot) nanocrystals 565 using
Qtracker cell labeling kit (Molecular Probes/Invitrogen,
Carlsbad, CA). Cells were labeled according to the manufac-
turer’s instructions. Briefly, 10nM of labeling solution was
incubated for 5min at 37°C, and to this solution 200 pL. of
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MesenPRO medium was added and vortexed; 1 mL of cell
suspension (1x10° cells) was added to the labeling solution
and incubated for 45 min at 37°C, 5% CO..

Qdot-labeled ASC were cultured in CSM (5mg) for 24h,
collected, and mixed with type 1 collagen (7.5mg/mL) ex-
tracted from rat tail tendon according the method of Born-
stein®® and fibrillated by adjusting the pH to 6.8 using 2N
NaOH. The fibrillated collagen—-ASC—CSM mixture was ad-
ded to a 12-well plate and incubated for 30 min at 37°C. After
complete gelation the collagen-ASC-CSM gels were incu-
bated for 14 days at 37°C, 5% CO,. Release of cells was ob-
served, and light and fluorescent pictures were taken at
different days using an Olympus IX71 inverted microscope
equipped with reflected fluorescence system. Gels were cryo-
preserved as previously described . ** Briefly, collagen-ASC—
CSM gels were treated serially with increasing concentrations
of sucrose (from 5% and 20%) and then incubated overnight
with 20% sucrose. The sucrose-treated gels were flash frozen
after embedding them in a 20% Sucrose-Histoprep™ (Fisher,
Pittsburgh, PA) mixture (2:1). Sections of 10-12 um were cut,
fixed for 20min with 4% paraformaldehyde, washed twice
with Hank’s balanced salt solution (5min each), and viewed
under an inverted fluorescence microscope. To assess
the phenotype of cells that have migrated into collagen ma-
trix, sections were stained with Stro-1 antibody and epi-
fluorescence images were taken.

Scanning electron microscopy

ASC were cultured on CSM for 24h and fixed (4% v/v
formaldehyde, 1% v/v glutaraldehyde in PBS) for scanning
electron microscopic analysis. The samples were rinsed in
0.1M phosphate buffer (two times, 3min each) and then
placed in 1% Zetterquist’'s Osmium (Sigma—-Aldrich) for
30min. The samples were then dehydrated in ethanol (70%
for 10min, 95% for 10min, and 100% for 20 min), treated
with hexamethyldisilizane (two times, 5min each) (Poly-
sciences, Warrington, PA), and air-dried in a desiccator. The
specimens were sputter-coated with gold—palladium
(40%/60%) and observed with a Leo 435 VP scanning elec-
tron microscope (Carl Zeiss Microlmaging, Thornwood, NY)
in high-vacuum mode at 15kV.

Transmission electron microscopy

ASC cultured with CSM and ASC-CSM cultured in colla-
gen gel (14 days postculture) were fixed in 1% v/v glutaral-
dehyde in PBS. The samples were rinsed in 0.1 M phosphate
buffer (two times, 3 min each) and then placed in 1% Zetter-
quist’s Osmium for 30 min. The samples were subsequently
dehydrated in a series of ethanol washes (70% for 10 min, 95%
for 10min, and 100% for 20min), treated with hexam-
ethyldisilizane (two times, 5 min each), and finally air-dried in
a desiccator. Samples were then washed and infiltrated with
epoxy resin. Ultrathin sections (~70nm) were cut, and sec-
tions were examined on a JOEL 1230 transmission electron
microscope (Joel, Boston MA).

Migration, maintenance of stem cell phenotype,
and differentiation of ASC in CSM

ASC were incubated with CSM for 24h and carefully
collected as described above. The ASC-CSM were then
transferred to a new culture dish and incubated for 48h.
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Third-generation ASC from the CSM were analyzed for ex-
pression of stem-cell-specific markers and potential to dif-
ferentiate into adipogenic- and osteogenic-type cells.

Immunophenotype of ASC that migrated out from CSM

Flow cytometry (fluorescence-activated cell sorting [FACS])
analysis and immunocytochemical staining of ASC that mi-
grated out from the CSM were performed to characterize
expression of stem-cell-specific surface markers.

Immunocytochemical staining. Third-generation ASC
from the CSM were incubated on a 2-well chambered slide
(Nalge Nunc; LabTek® chamber slide, Noperville, IL) for
48 h. The cells were washed twice with sterile PBS and fixed
with 10% buffered formalin. Fc-receptor-mediated blocking
sites were blocked by incubating the cells for 20 min with 1 g
(/10* cells) of BD Fc Block™ Block Solution (BD Bioscience,
San Jose, CA) or nonpermeant blocking solution containing
5% donkey serum (Sigma-Aldrich) in Dulbecco’s PBS. Cell
surface markers were identified by incubating ASC overnight at
4°C with 10 pg of fluorescein isothiocyanate (FITC)—conjugated
anti-mouse monoclonal antibodies against CD45 (leukocyte
common antigen), CD49d (integrin o-4, CD54 (ICAM-1), CD71
(transferrin receptor), CD90 (Thy-1 glycoprotein), CD106
(VCAM-1), and Sca-1 (stem cell antigen-1, Ly-6A/E) (BD
Bioscience), and CD105 (Endoglin) (R&D Systems, Minneapo-
lis, MN). To observe Stro-1 (R&D Systems) expression, cells
were fixed with 10% buffered formalin for 15min, washed
twice with PBS, blocked with 2% serum, and incubated over-
night at 4°C with 10 pg of Stro-1 and FITC-labeled anti-mouse
IgG secondary reagent (R&D Systems). Nonspecific fluores-
cence was determined using equal aliquots of cell preparation
incubated with an FITC-labeled anti-mouse IgG secondary re-
agent. All surface antigens were also tested with ASC before
culturing them with CSM as controls.

Flow cytometry (FACS). Control ASC (passage 3) and
third-generation ASC from the CSM were cultured for 48 h.
Cells were washed twice with Hank’s balanced salt solution,
trypsinized, and suspended in FACS cell staining buffer
(Biolegend, San Diego, CA) to a final concentration of 5x 10°
cells/100 uL. Cells were directly labeled for cell surface
markers by incubating them for 45min with primary anti-
bodies against CD54-FITC, CD71-Phycoerythrin (PE), and
CD90-PE. Cells were stained for Stro-1 indirectly by incu-
bating them with monoclonal antibody against Stro-1 for
45 min after which they were washed with cell staining buffer
twice (5 min each) and stained with FITC-labeled anti-mouse
IgM as a secondary reagent for 1h. Cells were washed twice
and then resuspended in 500uL of cell staining buffer.
FACScan was performed using a FACSAria flow cytometer
(Becton-Dickinson, Mt. View, CA). Results were quantitated
by FACSDiva software (BD Biosciences, Mt. View, CA).
Twenty thousand cells were analyzed, and the total popula-
tion positive for specific cell surface markers is tabulated.
Cells stained with FITC and PE-conjugated nonspecific IgG
were used to determine background fluorescence.

Adipogenic differentiation of ASC migrated from CSM

Third-generation ASC were cultured to confluence and
induced with adipogenic differentiation medium composed of
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Dulbecco’s modified Eagle’s medium (Gibco/Invitrogen)
supplemented with 10% fetal bovine serum, dexamethasone
(1pM), indomethacin (200 uM), insulin (10pM), isobutyl-
methylxanthine (0.5 pM) (Sigma-Aldrich), 2 mM L-glutamine,
and antibiotic-antimycotic, and were cultured in a 5% CO,
humidified incubator at 37°C for 21 days.43 To observe the
staining of neutral lipids, cultures were rinsed with PBS, fixed
with 10% buffered formalin solution, and stained with Oil
Red O (Sigma-Aldrich). ASC, before culturing with CSM, but
treated under similar conditions were used as controls. For
adipogenic differentiation of ASC that migrated into the col-
lagen gel from CSM, ASC (40,000)-loaded CSM were em-
bedded in collagen matrix and induced to differentiate with
adipogenic medium and observed for 24 days. They were
fixed with 4% paraformaldehyde and stained with Oil Red O
(Sigma-Aldrich) to observe the staining of differentiated cells
in collagen gel. Undifferentiated ASC-CSM in collagen matrix
served as controls.

Osteogenic differentiation of ASC migrated from CSM

Third-generation ASC were cultured to confluence and
induced with osteogenic differentiation medium composed of
o-minimal essential medium (o-MEM) (Gibco/Invitrogen)
supplemented with 10% fetal bovine serum, dexamethasone
(0.1 uM), Ascorbate-2-phosphate (50 uM), B-glycerophosphate
(10mM), bone morphogenic protein-2 (BMP-2, 10ng/mL;
R&D Systems), 2mM L-Glutamine (Sigma-Aldrich), and
antibiotic—antimycotic, and cultured in a 5% CO, humidified
incubator at 37°C for 26 days. Cultures were rinsed with PBS
and fixed with 10% buffered formalin solution and calcium
phosphate deposition by staining with Alizarin red S (Sigma-
Aldrich). ASC, before culturing with CSM, treated under
similar conditions were used as controls.*®

RNA isolation and real-time polymerase chain reaction

Total RNA from passage 3 ASC (control) and third-
generation stem cells migrated out from the CSM before and
after adipogenic and osteogenic differentiation were isolated
using Trizol reagent (Invitrogen, Carlsbad, CA).** The con-
centration of RNA was determined at ODyg/259 using a
NanoDrop spectrometer (NanoDrop Technologies, Wil-
mington, DE). Complementary DNA was synthesized from
150ng of total RNA, in duplicates, using SuperScript™ III
first-strand synthesis supermix with oligo-dT primers (In-
vitrogen). A control lacking the RNA sample was synthesized
for each primer, to detect the random production of cDNA
through contaminants. Oligonucleotide primer sequences spe-
cific to stem cell surface markers (CD49d, CD54, CD71, CD90,
and Sca-1) and adipogenic (Glucose transporter-4 [Glut-4],
Adiponectin, Peroxisome proliferator-activated receptor y
[PPAR-y], leptin, Fatty acid binding protein-4 [Fabp-4])
and osteogenic (alkaline phosphatase [ALP], osteonectin, os-
teopontin, osteocalcin, and bone morphogenic protein-2
[BMP-2]) differentiation-specific genes were purchased from
SA Biosciences (Frederick, MD). Master mixes containing
200nM of forward and reverse primers with SYBR® Green-
ER™, gPCR supermix (Invitrogen), and the synthesized
cDNA were added to appropriate wells. Real-time polymer-
ase chain reaction (RT-PCR) was carried out using a Bio-Rad
CFX96 thermal cycler system (Bio-Rad, Hercules, CA). mRNA
expression levels were normalized to glyceraldehye-3-
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FIG. 1. Chitosan microsphere (CSM) size distribution. The
microsphere size distribution pattern indicates that more
than 90% of spheres are between 175 and 250 pm in diameter.

phosphate dehydrogenase mRNA levels. Fold increase in
expression levels for each stem-cell-specific, adipogenic, and
osteogenic gene was normalized to the expression levels of
control passage 3 ASC.”

Results
CSM and cell loading

CSM preparation involved the crosslinking of the hetero-
polysaccharide chains of chitosan through simple ionic in-
teractions of —COO~ ions with K™ ions. The spheres are
formed using water-in-oil emulsion technique and potassium
hydroxide, in oil phase, as the polysaccharide chain cross-
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linker. This method yielded evenly sized spheres of 175-
250 pm range (>90%) with uniform crosslinking of the matrix
from core to the surface (Fig. 1). The microspheres form a
porous network and upon hydration have a swelling capacity
~1.6-fold their original size while maintaining a spherical
morphology. Upon analysis of several preparations of mi-
crospheres, it was determined that they have only a slight
variation in the percentage of free —NH, group (98.8 +2) with
respect to chitosan, indicating that the amino groups are un-
affected after processing.

Previous experiments using various concentrations of mi-
crospheres indicated that 5mg of CSM was an optimal
amount to form a single layer on a 24-well cell culture inserts
and was used for the following experiments. Using ASC,
passage 3, seeded over evenly layered CSM on a culture insert
with a membrane pore size of 8 um shows that the cells
actively migrated both onto and into the spheres and were
viable when assessed after 96 h. The number of viable cells
increased proportionally from the initial seeding concentra-
tion (Fig. 2A), and a maximum number of cells were found to
migrate into the CSM after 24 h. There was a slight decrease in
cell number after 24h (~10-12% with respect to initial cell
loading of 30,000 and 40,000, respectively), after which the cell
density on the collected microspheres remained relatively
constant through 96 h.

The number of cells left on the cell culture inserts after
ASC loading onto the CSM showed a constant increase in cell
number (Fig. 2B). In the culture inserts in which the CSM
had been initially seeded with 10,000 and 20,000 cells, the cell
number increased through 96h, whereas in culture inserts
in which the CSM had been initially seeded with 30,000
and 40,000 cells, the number of cells on the culture inserts
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proliferated up to 72h and did not significantly increase after
that time point. The increase in cell number can be attributed
to cell proliferation on the insert over time, which occurs
until the cells reach confluence. These results indicate that
efficient cell loading was achieved with an initial cell seeding
density of 3x 10* cells /5 mg CSM, which resulted in adhesion
and migration of ~2x10* cells/5mg of CSM (67%) by 24h
(Fig. 2A), and these conditions were used for all other ex-
periments.

Morphological characterization of ASC in CSM

To determine the viability and location of the adipose-
derived stem cells that had attached to the microspheres, ASC
were cocultured with CSM and analyzed using the fluores-
cent cytoplasmic probe Calcein AM. Figure 3A shows a light
micrograph of the ASC migrating and attaching to the CSM
polymeric matrix. Fluorescence of metabolically active cells
shows an equal distribution of ASC over the complete CSM
microsphere (Fig. 3B). Higher magnification epifluorescence
of the cells shows that they are attached on the surface (Fig.
3C), as well as having migrated into the spheres, as shown
when focused beyond the boundaries of CSM (Fig. 3C inset).
These results were further confirmed using confocal imag-
ing (Fig. 3D-F). ASC on the surface exhibited elongated
fibroblast-like morphology (Fig. 3E), whereas cells that had
migrated inside the microsphere had retracted filopodia with
a smaller overall cytoskeletal structure. Figure 3F, an overlay

FIG. 3. Morphological features of
Calcein AM-stained ASC-CSM. (A)
Phase contrast image (magnification,
x20) after 24 h showing attachment of
ASC to CSM. (B) Epifluorescence im-
age (magnification, x10) showing
distribution of ASC on CSM. (C)
Epifluorescence image (magnification,
x20) of ASC on a single microsphere;
inset image is focused beyond the
boundaries of the CSM to observe
morphology of ASC that have mi-
grated into the core of the CSM. (D, E)
Confocal images (magnification, x20,
20x3.5, respectively) showing three-
dimensional distribution of ASC. (F)
Confocal Z-stacked image with dif-
ferential interference contrast overlay
of the ASC geometric location within
the CSM. Color images available
online at www.liebertonline.com/ten.
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of a Z-stacked fluorescent image and the differential inter-
ference contrast image, demonstrates cytosolic Calcein AM
of ASC to be spread over on the surface and smaller, more
discrete staining of ASC from cells that have migrated inside
the microspheres.

The ultrastructural imaging by scanning electron micros-
copy shows the porous microspheres and adipose stem cells
that are tightly adhered to the surface of the spheres (Fig. 4A).
The cells have a flat, elongated morphology, capable of
stretching across large areas on the surface of the micro-
spheres (Fig. 4B). At higher magnification it is apparent that
the cells were also to interact with the chitosan matrix by
extending filopodia on the porous structures of the spheres
(Fig. 4C, arrows), similar to what was observed with the
confocal microscope (Fig. 3).

Further analysis by transmission electron microscopy
showed the ultrastructural morphology of ASC in CSM. A
serial cross section of an ASC-CSM (Fig. 5A) revealed the
porous nature of the microsphere that enables the ASC to
attach and migrate into the microspheres (Fig. 5B). The ASC
retained their overall morphology and intracellular compo-
nents (Fig. 5C), while readily attaching to the surface and
migrating into the pores of the CSM by extending their fi-
lopodia (Fig. 5D, E). Examination at high magnification
shows the infiltration of intact cellular components into
the porous structures of the CSM (Fig. 5F), confirming
the ability of ASC to utilize the CSM 3D architecture for
attachment.
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FIG. 4. Scanning electron microscopic
images of ASC and CSM. (A) CSM
alone, indicating the porous and
spherical morphology of CSM. (B) Co-
cultured ASC and CSM with cells
(marked by asterisks) strongly adhered
to CSM with flat and elongated mor-
phology. (C) Attachment of ASC into
CSM using filopodia (indicated by
arrows).
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FIG. 5. Transmission electron microscopic (TEM) images of ASC and CSM. (A) Ultra-thin cross section of porous CSM. (B)
Cocultured ASC and CSM showing the gross distribution and ultrastructure of ASC on CSM (indicated by arrows). (C) High
magnification of ASC attached to CSM with intact cellular components (nu, nucleus). (D) ASC-CSM showing attachment of
filopodia (fl) extended into CSM. (E) ASC invading into CSM through the pores. (F) High magnification showing infiltration/
invasion of ASC into the CSM and extension of cellular components.
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A

Immunofluorescent images of stem cell surface markers. (A) Photomicrographs of markers expressed in control ASC

FIG. 6.

NATESAN ET AL.

and (B) ASC that migrated out from CSM. Figures in each panel indicate the specific cell surface marker. All antibodies, except
Stro-1, are fluorescein isothiocyanate (FITC)-labeled primary antibodies. Stro-1 is identified using isotype-matched FITC-
labeled rat IgM. All photomicrographs at 20 x magnification. Color images available online at www liebertonline.com/ten.

Migration and maintenance of stem cell phenotype
of ASC in CSM

To determine the ability of the ASC to migrate out of
the CSM, ASC-loaded CSM (5 mg) were transferred and re-
plated. Immediately after plating, the cells start to migrate
from the spheres, initially forming small colonies around
CSM, changing to a slender fibroblast-like morphology, and
are completely adhered to the dish by 12h (data not shown).
The migrated cells were able to proliferate and reached a
confluent monolayer within 72 h of plating.

Using immunofluorescence the migrated ASC from the
CSM were further characterized for expression of stem-cell-
specific surface markers to ensure their ability to preserve the
stem cell phenotype after migration. Third-passage control
ASC (Fig. 6A) were compared to ASC that had migrated from
the CSM (Fig. 6B). The migrated ASC showed positive ex-
pression of CD49d (integrin o4) and CD54 (ICAM-1), con-
sidered key for cell—cell and cell-matrix interactions (Fig. 6B).
Consistent with recent observations to specific stem cell sur-
face proteins, the migrated ASC were also Stro-1 positive.51
Further, they expressed positive stromal-associated markers
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FIG. 7. Fluorescence-activated cell sorting analysis of control ASC (A-D) and ASC that migrated out from CSM (E-H).
Stem-cell-specific markers (CD54, CD71, CD90, and Stro-1) were examined by flow cytometry. Cells were stained with FITC-
labeled CD54 and phycoerythrin (PE)-labeled CD 71 and CD90 primary antibodies. Stro-1 was indirectly stained with FITC-
labeled monoclonal IgM after staining with rat-specific monoclonal Stro-1 antibody. Fluorochrome-conjugated nonspecific
IgGy, IgGya, and IgM were used as isotype controls for CD54 and CD90, CD71, and Stro-1, respectively. Color images

available online at www liebertonline.com/ten.

CD90 (Thy-1 surface glycoprotein) and Sca-1 (stem cell anti-
gen) and CD71 (transferrin receptor antigen) (Fig. 6B).

Flow cytometry analysis (FACS) confirmed that when
compared to control ASC (Fig. 7A-D) the migrated ASC
from the CSM had retained stem-cell-specific surface markers
(Fig. 7E-H). The FACS scan analysis shows that for the mi-
grated ASC more than 95% of the total cell population ana-
lyzed were positive for CD54, CD71, and CD90. Consistent
with previous reports,”" for both control ASC and ASC that
had migrated from CSM, the percentage of Stro-1-positive
cells was significant, but low when compared to the other
markers used (Fig. 7D, H; Table 1).

The investigation of the expression levels of stem-cell-
specific genes (CD49d, CD54, CD71, CD90, and Scal) shows
that the ASC migrated from CSM show relative expression
levels of mRNA to control ASC (Fig. 8). The expression levels
of CD49d, CD54, and CD90 were one- to twofold higher than
the control ASC, whereas CD71 and Scal expression in the
cells out of microspheres was 0.5-1.0-fold lower. Therefore,

TABLE 1. FLUORESCENCE-ACTIVATED CELL SORTING
ANALYSTS OF PERCENTAGE OF ToTAL CELLS POSITIVE
FOR STEM-CELL-SPECIFIC MARKERS

Positive events (% total)

Markers ASC ASC migrated out of CSM
CD54 95.86 95.14
Stro-1 1.2 1.41
CD71 75.28 96.05
CD90 96.33 95.17

ASC, adipose-derived mesenchymal stem cells; CSM, chitosan
microspheres.

the stem-cell-specific gene expression in control ASC versus
ASC that had migrated out of microspheres did not change
significantly.

Migrated ASC exhibits adipogenic
and osteogenic differentiation

To determine whether the ASC maintained their plur-
ipotency after migrating from the microspheres, the cells
were differentiated to adipogenic or osteogenic lineages
using standard induction conditions and compared to pas-
sage 3 control ASC. The cells were grown to confluence and
the medium was switched to adipogenic or osteogenic

CD%0 CD4%d

3_

L%
I

Nomalized fold change

0 -
Scal

FIG. 8. Real-time polymerase chain reaction analysis of
stem-cell-specific markers of ASC migrated out from CSM.
Bar graph represents the normalized fold-induction relative
to control ASC of mRNA levels of stem-cell-specific genes,
CD90, CD54, CD49d, CD71, and Scal. Values are mean fold
change =+ standard error of the mean.
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medium to induce the ASC to differentiate into adipocytes or
osteoblasts, respectively. The ASC differentiated into adipo-
cytes had exhibited intracellular deposition of lipid droplets,
which increased over time as observed by positive Oil Red O
staining (Fig. 9A, B). When induced with osteogenic medium,

FIG. 9. Phase contrast photomicrographs
showing ASC differentiation. Control ASC
(A, C) and ASC that migrated out of CSM
(B, D) induced to differentiate with adipo-
genic and osteogenic medium and stained
with Oil Red O (A, B) and Alizarin Red S
(C, D), respectively. All photomicrographs
at 20x magnification. Real-time polymerase
chain reaction analysis (E, F) of adipogenic-
and osteogenic-specific genes for ASC mi-
grated out from CSM normalized to control
of ASC levels. Values are mean fold
change & standard error of the mean.

Color images available online at www
iebertonline.com/ten.
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the cells showed mineralized deposits increasing over time, as
confirmed by Alizarin Red S staining for calcium deposition
present in the differentiated the cells (Fig. 9C, D).

To determine the differentiation ability of ASC that had
migrated out of CSM, adipogenic- and osteogenic-specific

Differentiated ASC Differentiated ASC
Control Migrated From CSM
Adipogenic

GLUT4 Adiponectin PPARy Leptin Fabp4

B Differentiated ASC Migrated from CSM

- 1 m

ALP

Osteonectin Osteopontin BMP-2 Osteocalcin
B Differentiated ASC Migrated from CSM
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gene expression was analyzed through RT-PCR. Figure 9E
(adipogenic) and 9F (osteogenic) shows the normalized fold
change in gene expression levels relative to differentiated
passage 3 ASC. The ASC that had migrated from CSM
showed an upregulation of adipose-specific genes above the
control ASC levels. Leptin specifically had a dramatic increase
in expression over the differentiated control cells (11.7-fold),
whereas the other genes (Glut 4, adiponectin, and PPARY)
responsible did not change significantly relative to adipogenic
differentiated passage 3 ASC. To confirm that the migrated
ASC were pluripotent, the cells were differentiated to the
osteogenic phenotype. Cells were examined for expression of
ALP, osteocalcin, osteonectin, osteopontin, and BMP-2. There
was a significant increase in ALP activity (6.2-fold), whereas
expression levels of other genes (osteopontin, osteonectin,
osteocalcin, and BMP-2) did not change significantly relative
to osteogenic differentiated passage 3 ASC.

ASC migration from CSM into a collagen gel matrix

ASC labeled with Qdot 565 nanocrystals were used to
monitor cell migration from the CSM into the collagen gels.
Qdot-labeled ASC were loaded onto CSM, mixed into the
collagen-based gel, and cultured for 14 days. Within 24 h, the

w.:yl:!——)l

" Y —— ~
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ASC started migrating from the CSM into the surrounding gel
matrix (Fig. 10A, B). The cells continued to migrate from the
CSM into the collagen gel as shown at day 7 (Fig. 10C, D) and
populated throughout the entire collagen gel by day 14
(Fig. 10E, F). This can be more clearly seen in frozen sections
(Fig. 10G-]) of Qdot 565-labeled ASC-CSM in the collagen gel
after 14 days of culture. Figure 10G is a bright field image
showing the collagen fibrils and a CSM. Using fluorescence
the Qdot-labeled ASC are observed migrating away from
microspheres (Figure 10H, white arrows) into the collagen
matrix. Figure 101 is an overlay of Figure 10G (converted to
gray scale to show contrasting overlay) and 10H, which
shows that at day 14 there are still Qdot-labeled ASC within
the microspheres (asterisks) and cells that have migrated into
the collagen matrix (arrows). Most importantly, the ASC that
have migrated from the CSM retain their stem cell phenotype.
This is clearly shown by the colocalization of Qdot-labeled
ASC growing in collagen matrix stained with the stem-cell-
specific marker Stro-1 (Figure 10], white arrow).

TEM was used to analyze the morphology and ultrastruc-
ture of ASC that were released into the collagen gel from the
CSM. Figure 11A is a representative image of cells releasing
from the CSM and migrating into the collagen gel. The cells
migrate away from the CSM by retracting their filopodia from

FIG.10. Quantum dot labeled ASC-CSM in a collagen gel matrix. (A), (C), and (E) represent phase contrast images of ASC
that have migrated from CSM and are attached on the collagen gel on days 1, 7, and 14, respectively. The white arrows (A, C)
indicate the cells that have migrated from the spheres into collagen gel. (B), (D), and (F) represent fluorescent images of
quantum dot (Qdot) 565-labeled ASC tracked after migration out from the CSM into the collagen gel on days 1, 7, and 14,
respectively. (D) White arrows show Qdot labeled ASC. The inset in (B) is a magnified image of a microsphere showing ASC
residing on the microsphere. The ASC slowly migrate from the CSM and populate the gel by day 14. All the images were
taken at 20 xmagnification. Cryosections of quantum dot-labeled ASC—CSM in a collagen gel matrix. (G) Bright field image
of ASC-loaded CSM embedded in collagen gel, (H) epifluorescence image of CSM and migration of ASC into collagen matrix.
White arrows show Qdot labeled ASC. (I) Overlay of epifluorescence image on bright field image of ASC in CSM (indicated by
asterisks) and ASC in collagen gel (indicated by arrows), (J) immunofluorescence image of ASC in the collagen gel stained for
Stro-1; white arrows indicate colocalization of Stro-1 and quantum dot 565—positive staining ASC. Color images available
online at www liebertonline.com/ten.
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FIG. 11. Transmission electron microscopic images of ASC—CSM in collagen gel matrix. (A) Cell detaching from the CSM;
(A, inset) the remaining attachment point to CSM (m) crevices during release into the surrounding collagen gel (g). (B) ASC
that have migrated from CSM in the collagen matrix. (C) Higher magnification of ASC filopodias (fl) and attachment to
collagen fibrils. Inset image shows the adhesion region of the cells to fibrils. (D) ASC that migrated into collagen gel (day 14)
have elongated striated morphology and attach to collagen fibers (bold arrows) by forming nascent tight junction (tj).

the microspheres (inset of Figure 11A), round-up, and start
to migrate away from the CSM and into the collagen gel
(Figure 11B). Cells that have migrated into the gel form focal
adhesions that appear as bundles of thin filaments located
along the migration path with numerous collagen fibrils
contacting the angled filopodia (Fig. 11C). The inset of Figure
11C shows the zone of adhesion between cells and collagen
fibrils with possible formation of nascent tight junction
(Fig. 11C). At day 14 cells can be found with a striated mor-
phology and aligned along the matrix network, with its ma-
ture lamellipodia spanning over the collagen fibril for up to
12um (Fig. 11D) creating multiple focal adhesion points
through minor spikes (inset, arrow heads).

ASC that have migrated out from CSM into collagen
gel exhibit adipogenic differentiation

ASC that had migrated into collagen gel were induced to
differentiate into adipocytes with adipogenic medium and
stained with Oil Red O. As seen previously, the cells migrate
throughout the collagen gel, when stained both the cells that
on the surface of the gel (Fig. 12A) and inside the matrix (Fig.
12B) showed significant accumulation of oil droplets. In
Figure 12B, the black arrows indicate Oil Red O-stained cells
on different focal planes indicating that ASC have migrated
completely throughout the collagen gel matrix.

Discussion

One of the major challenges in stem-cell-based therapy is
the delivery of viable cells to the site of injury. The actual
percentage of stem cells that can integrate and communicate
with host cellular and ECM components is critically depen-
dent on the carriers used and method to deliver. Biomaterial
scaffolds are designed depending on the implantation type
and site, with their material properties varying in chemical
composition, mechanical strength, cellular response, and the
overall 3D architecture.” An ideal biomaterial should provide
favorable microenvironment for cells to attach and proliferate,
while preserving their cell phenotype during in vivo trans-
plantation.

In this study, CSM are used as a carrier device for adipose-
derived stem cells. The specific ionic crosslinking methods
used to prepare the microspheres resulted in greater than 90%
of the spheres being within the size range of 175-225 um. After
crosslinking, the microspheres remain positively charged by
retaining more than 98% of amino groups intact and are de-
void of any major structural modifications in the chitosan
polysaccharide chains. We have previously shown that high
electropositivity of chitosan is beneficial for inducing cell
migration and proliferation and is essential for chitosan—cell
interaction in vitro.* The importance of the overall positive
charge of chitosan has been confirmed in a recent report
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FIG. 12. Oil Red O staining of differentiated (day 24) ASC
migrated from CSM in a collagen gel matrix. (A) Cells on the
surface of the collagen gel and (B) cells that are present
within the matrix. Black arrows point to differentiated cells
on different focal planes, indicating that ASC have migrated
throughout the collagen gel matrix. Color images available
online at www liebertonline.com/ten.

showing that chitosan-coated alginate microbeads increase
adhesion of bone-marrow-derived stem cells and promote
proliferation.”

In our cell loading experiments we validated the concept of
an ideal cell-to-microsphere ratio and incubation time in
terms of initial cell seeding density to achieve maximum
number of cells that can be loaded in CSM. In our results of
ACS loading onto the CSM it was observed that the percent-
age of cells on the CSM did not increase significantly beyond
48h (Fig. 2A). The cells that did not attach to the CSM and
remained on the cell culture inserts increased over 96 h irre-
spective of the initial cell loading (Fig. 2B). This increase in cell
number can be attributed to ASC proliferation on the insert,
which for higher seeding densities reached a plateau at 72 h.
Therefore, it can be concluded that cell loading is maximized
between 24 and 48h; that there is a maximum cell loading
capacity of the CSM, approximately 30,000 ASC per 5mg
CSM; and that cell proliferation of ASC is not inhibited by the
CSM. Therefore, these parameters dictated the cell seeding
density for our further studies involving the characterization
of the release and differentiation of ASC from CSM in vitro, as

1381

well as the use of ASC-loaded CSM in collagen gel matrices, a
key step for successful delivery in vivo.

In our in vitro culture insert system, the adipose stem cells
use the CSM as an anchoring surface enabling a large number
of cells to exist in a very small volume. Ultrastructural ex-
amination of cultured ASC with CSM shows that the ASC on
the surface had elongated filopodia and a relatively flat and
spindle-shaped morphology when compared to cells that had
entered the crevices of the microsphere pores. We speculate
that ASC retract their extended filopodia to get inside the
matrix, as observed in TEM images (Figs. 4 and 5). When
the ASC-loaded microspheres are plated into a larger area, the
cells were able to migrate out of sphere. The migrated cells
initially form small colonies around the microspheres (Fig. 3)
and then proliferate eventually form a monolayer.

To determine whether the ASC that attach to the CSM
retain their stem cell phenotype after they migrate from the
microspheres, immunocytochemistry and FACS analysis
were performed. Fluorescent photomicrographs comparing
expression of stem-cell-specific markers (CD49d, CD54,
CD71, CD90, Stro-1, and Sca-1) showed that control ASC and
ASC that had migrated from the CSM express these markers
in approximately the same amount and in the cellular dis-
tribution (Fig. 4A, B). Additionally, both ASC populations
were negative for CD106 expression (data not shown), re-
vealing the nonhematopoietic lineage of the cells.*> FACS
analysis of the cell populations from control ASC to the ASC
that had migrated out of the CSM showed that the percent-
ages of cells positive for CD54, CD90, and Stro-1 were very
similar. These results are consistent with the earlier studies
showing that these stem cell markers were present in adipose-
derived stem cells and tissue.’** In our FACS analysis the
percentage of cells that express CD71 was significantly higher
in the ASC cell population that migrated from the CSM, which
may indicate a selective migration and/or expansion of a
subpopulation of ASC under these conditions. This phe-
nomenon may be attributed to the microsphere surfaces, as a
recent study provides evidence that microcavities on scaffold
surfaces improve cell adhesion and elicit differential cellular
response in comparison to smooth surfaces.*®

From the RT-PCR experiments (Fig. 8) it is evident that the
chitosan microenvironment did not affect gene expression of
stem-cell-specific markers, as the ASC that had migrated
from CSM show relatively similar expression levels of stem-
cell-specific genes when compared to control ASC cells. This
indicates that the ASC that had migrated from the CSM
maintain their stem cell phenotype.

Moreover, ASC that had migrated from the microspheres
maintain their ability to differentiate into adipocytes and
osteoblasts (Fig. 9). Notably, the migrated ASC showed a
more intense lipid and calcium deposition than control ASC
(passage 3) when stained with Oil Red O and Alizarin Red S
dyes, respectively. Additionally, RT-PCR analysis revealed
relatively higher expression level of leptin (11.7-fold) than the
control ASC, which may be a contributing factor to increased
levels of oil accumulation and hence more intense Oil Red O
staining of the ASC from CSM. These results are consistent
with the previous finding that lipid-filled processed lipoas-
pirate cells have increased expression levels of leptin.** When
differentiated into osteoblasts, ASC from CSM showed a 6.2-
fold higher expression level of ALP than the control ASC,
which may have resulted in more intense Alizarin Red S
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staining. Previously, it has been shown that increased levels of
ALP expression significantly increase calcium deposition and
that ALP is considered a key end differentiation marker.*>*’
Expression levels of other osteogenic-specific genes were
found to be relatively close to the differentiated passage 3
ASC. This increase in end differentiation-specific markers
(leptin in case of adipogenesis and ALP in for osteogenesis)
indicates that most of the ASC that migrated from the CSM
were multipotent and retained their ability to differentiate.
This phenomenon may be attributed to the microsphere sur-
faces as a recent study provides evidence that microcavities
on scaffold surfaces improve cell adhesion and elicit differ-
ential cellular response in comparison to smooth surfaces.”®
Further, micropores have been shown to increase the levels of
BMP-2 and ALP, supporting dynamic osteogenic response of
stem cells.”® As structural aspects of scaffolds have been
shown to be critical modulatory tool for the transcriptional
regulation of gene expression in some cell types (e.g., osteo-
blasts and chondrocy’ces),58 evaluation of structural attribu-
tion toward cell attachment and differentiation is pivotal in
developing successful stem-cell-based tissue engineering
therapies.

Finally, the successful delivery of stem cells from CSM
into a 3D scaffolding architecture was accomplished in col-
lagen gel matrix. Although site-specific delivery of stem cells
using a microcarrier system was our primary goal, we also
showed successful integration of ASC from the CSM into a
3D matrix. This was evaluated in vitro utilizing collagen gel
to mimic in vivo conditions.

In our initial studies we showed that ASC could migrate
from the microspheres onto a plastic culture surfaces, and that
it is important to determine the usefulness of this system in a
3D environment. Previously, it has been shown that stem cells
induce matrix contraction with a low concentration of colla-
gen.59 To avoid matrix contraction, we have used a high
concentration of collagen to validate whether the cells could
still migrate and proliferate into the surrounding ECM envi-
ronment. Therefore, we added the ASC-loaded CSM to a
collagen-based matrix that provided a stiffer 3D extracellular
microenvironment. The cells adapted a unique morphology
(Fig. 11) that can be attributed to the physical stiffness and
molecular architecture of the collagen. It was evident from
morphological evaluation that ASC migrate by extending
their filopodias and pulling against the matrix (Fig. 11). Over
time, the cells exhibited an elongated morphological structure
forming characteristic focal adhesion points with multiple
collagen microfibrils associated along with tight junctions
resembling cells that are associated with stromal tissues.

Commitment of ASC to specific cell lineage was achieved
by fine tuning the matrix stiffness and molecular architec-
tures, analogous to a recent study providing evidence that
stiffer gel induces mesenchymal cells to adopt a long striated
or spindle-shaped morphology.” In our study ASC loaded
in CSM were able to migrate and proliferate in collagen over
time (Fig. 10) and still retained stem cell phenotype by
staining positive for Stro-1 and colocalizing with Qdot 565
labeling (Fig. 10J).

When these migrated ASC in the collagen matrix were in-
duced with adipogenic medium, they were able to differen-
tiate into adipocytes and showed positive staining with Oil
Red O. Cells that migrated to the surface of the gel differen-
tiated with accumulation of oil droplet had linearly dispersed
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along the cytoplasm, and these are more close to type of
morphology of the differentiated in a cell culture dish,
whereas differentiated cells that had migrated deep into the
gel matrix had unique 3D pattern of oil droplets, showing that
ASC differentiation and lipid droplet formation was being
influenced by the surrounding microenvironment. Further,
by this study it is proposed that preconditioning cells in a 3D
scaffold closely mimicking an ECM morphology would en-
able the ASC to differentiate into the intended cell morphol-
ogy in vivo.

Conclusion

This investigation provides a new method to load ASC
onto CSM, and illustrates that cells in the spheres can migrate
while preserving their stemness. The porous CSM described
provide an excellent microenvironment for ASC attachment
and nutritional transport, allowing the cells to migrate into
the spheres rather than being physically encapsulated as with
other procedures. Immunophenotypic characterization pro-
vides evidence that ASC migrated out of CSM were true stem
cells and method obviates the loss of vital cell-surface mole-
cules, maintaining their phenotype within the microsphere
environment. ASC could be successfully delivered into colla-
gen matrix and can be induced to specifically differentiate into
adipocytes, suggesting that ASC-loaded microspheres may be
incorporated with suitable scaffolding architecture to develop
specific tissue-engineered constructs. CSM can also be
embedded in specific regions of scaffold to develop cell-
patterned 3D architecture mimicking complex tissue struc-
tures. Further investigations to load other stem cell types and
differentiated adult cells may provide the possibility to de-
velop a tissue-engineered construct for a multicellular organ.
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