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Abstract
To provide site-specific delivery and targeted release of growth factors to implanted urine-derived
stem cells (USCs), we prepared microbeads of alginate containing growth factors. The growth
factors included VEGF, IGF-1, FGF-1, PDGF, HGF and NGF. Radiolabeled growth factors were
loaded separately and used to access the in vitro release from the microbeads with a gamma
counter over 4 weeks. In vitro endothelial differentiation of USCs by the released VEGF from the
microbeads in a separate experiment confirmed that the released growth factors from the
microbeads were bioactive. USCs and microbeads were mixed with the collagen gel type 1 (2 mg/
ml) and used for in vivo studies through subcutaneous injection into nude mice. Four weeks after
subcutaneous injection, we found that grafted cell survival was improved and more cells expressed
myogenic and endothelial cell transcripts and markers compared to controls. More vessel
formation and innervations were observed in USCs combined with six growth factors cocktail
incorporated in microbeads compared to controls. In conclusion, a combination of growth factors
released locally from the alginate microbeads induced USCs to differentiate into a myogenic
lineage, enhanced revascularization and innervation, and stimulated resident cell growth in vivo.
This approach could potentially be used for cell therapy in the treatment of stress urinary
incontinence.
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1. Introduction
Stress urinary incontinence (SUI) is most common in people older than 50 years of age;
these are primarily women, but there are an increasing number of male patients as well [1,
2]. Urinary incontinence affects up to 13 million people in the United States and 200 million
worldwide. The cost of treating urinary incontinence in United States alone is $16.3 billion
annually [3]. SUI is associated with the loss of various amounts of urine when intra-
abdominal pressure increases due to dysfunction of the urethral sphincter or the pelvic floor
muscles. Besides pharmacotherapy [4], several invasive surgical therapies, including sling
surgical procedures [5] and injection of bulking agents [6], have been commonly used to
treat SUI. Sub-urethral slings, such as the transvaginal or transobturator tape procedures,
have about 71 to 72.9% success rates [5]. Although the sling procedure can enforce the
weakness of pelvic floor muscles, the urethral sphincter deficiency remains [7]. Bulking
procedures are particularly useful for treating SUI in patients who wish to avoid open
surgical procedures [6]. A variety of biomaterials, such as bovine collagen [8], calcium
hydroxyapatite, silicone [9], carbon beads [10] polydimethylsiloxane (Macroplastique), and
polytetrafluoroethylene (PTFE; Teflon) [11], have been used to insert bulk around the
urethra and thereby raise its outlet resistance. This provides closure of the sphincter without
obstructing it, and is most effective in patients with a relatively fixed urethra. Although
injection of bulking agents has provided encouraging outcomes, over time these agents are
absorbed and can cause several complications, such aschronic inflammation, periurethral
abscess, foreign body giant cell responses, erosion of the urinary bladder or the urethra,
migration to inner organs, obstruction of the lower urinary tract with resultant urinary
retention, severe voiding dysfunction, and even pulmonary embolism [6, 12–14].

Cell-based therapy is an alternative to restore deficient urethral sphincter function in the
treatment of SUI. Several investigations have focused on autologous stem cells derived from
skeletal muscle [15], bone marrow [16] or fat tissues [17], with success rates ranging from
12 to 79 % [18]. To obtain these stem cells, invasive tissue biopsy procedures are usually
involved, with an attendant risk of complications. We recently demonstrated that stem cells
exist in human voided urine or urine drained from upper urinary tract. These cells, termed
urine-derived stem cells (USCs), possess stem cell characteristics with robust proliferative
potential and multi-potential differentiation [19–21]. These cells can be obtained using
simple, safe, non-invasive and low-cost procedures, thus avoiding the adverse events
associated with obtaining cells from other sources. Our recent studies demonstrated that
adding exogenous angiogenic factors, such as transfection of the VEGF gene, significantly
promoted myogenic differentiation of USCs and induced angiogenesis and innervation.
However, VEGF delivered by virus caused several side effects in our animal model,
including hyperemia, hemorrhage, and even animal death [22]. Thus, it is desirable to
employ a safer approach in stem cell therapy to increase angiogenesis and promote muscle
regeneration.

Biodegradable polymers, specifically hydrogels that deliver molecules in a controlled
fashion, can be beneficial as delivery vehicles to promote regeneration and tissue healing
[23]. Alginate is one of the most commonly-used natural hydrogels as an aqueous drug
carrier for encapsulation because of its mild gelling conditions and tunable microbead
characteristics. Since alginate is a hydrophilic and negatively-charged polymer, alginate
microspheres also resist protein adsorption thus making them attractive for in vivo studies
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[24]. Alginate microbeads have been shown to stably release active FGF-1 for at least 3
weeks in vitro, and this sustained release of FGF-1 promoted neovascularization in vivo
without any side effects [25–27].

Our more recent data showed that USCs display myogenic and endothelial differentiation
capacity when cultured in media containing the associated growth factors [28, 29]. Our
hypothesis was that skeletal myogenic, anigogenic, and neurogenic growth factors released
from alginate microbeads can induce USCs to give rise to a skeletal myogenic lineage,
improve revascularization and innervations, and recruit resident cells to take part in tissue
repair. Therefore, in the present study, we examined whether a synergistic mixture of growth
factors could be released efficiently in a controlled manner from alginate microbeads, thus
guiding USCs to cell differentiation and enhancing tissue regeneration for potential use in
cell therapy of SUI.

2. Materials and Methods
2.1 Preparation of alginate microbeads

A low-viscosity (<20 m Pas) ultrapure alginate with high guluronic acid (LVG) content
(minimum 60% guluronate monomer units) was used for this study (Nova Matrix, Sandvika,
Norway). LVG (1.5 wt %) was prepared in calcium free minimum essential medium (MEM)
and stored at 4°C till further use. The LVG microbeads were generated using an eight nozzle
flow-focusing device at the flow rate of 1.4 ml/min and 1.5 psi air pressure. These
microbeads were collected in a calcium chloride solution (1.1 wt %) and allowed to cross-
link for 15 min. These microbeads were washed three times with calcium containing Hank’s
buffered salt solution (HBSS). The amounts of growth factors to be loaded in alginate beads
were determined according to the effective dose (ED 50) provided by the manufacturer. A
solution of 100 ug/ml PDGF-BB (4 µg) and 100 ug/ml HGF (10 µg) served as a skeletal
myogenic promoter; 100 ug/ml VEGF (7 µg) as the angiogenesis inducer; and a combination
of 1 mg/ml IGF (14 µg), 10 ug/ml NGF (0.5 µg), 300 ug/ml FGF-1 (1 ug) to promote
innervation. Five units/ml heparin was added to the initial growth factor solutions. To
preload the microbeads with growth factors, about 0.5 g of capsules was incubated overnight
(24 h) with 0.5 ml of growth factor solutions in an Eppendorf tube on a shaker at 4°C. The
supernatant was removed and the microbeads were washed three times with HBSS (with
Ca2+) to remove non-incorporated growth factors. To control the release of growth factors
from the microbeads we coated a semi-permeable membrane of poly-L-ornithine (PLO).
Just washed growth factor loaded microbeads were incubated in 0.1 wt% PLO solution in
HBSS (with Ca2+) for 10 min at 4°C followed by triple wash. Finally we incubated the
microbeads in 0.2 wt% ultrapure alginate with high mannuronic acid (LVM, minimum 60%
mannuronate monomer units) for 5 min at 4°C followed by triple wash, to get alginate-PLO-
alginate (APA) growth factor loaded microbeads. These will be addressed as just alginate
microbeads throughout this manuscript. Each growth factor mixture was decreased to one-
third of the original amount when these three parts were combined, to document synergistic
effects (Table 1).

2.2 Measurement of growth factor release in vitro
The growth factor release efficiency was evaluated in vitro when single, bi- or multi-
combined growth factors were loaded within alginate microbeads. I-125 labeled (VEGF and
IGF, Phoenix Pharmaceuticals, Inc.) and unlabeled NGF and FGF-1 (Protech) growth
factors were loaded in the microbeads to investigate the in vitro release of growth factors.
To measure the release kinetics of I-125-labeled growth factors incorporated in alginate
microbeads, the microbeads were suspended in 0.5 ml of HBSS (with Ca2+) and incubated at
37°C. The supernatant was replaced fully at pre-determined time points (Fig. 1) and
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radioactivity between two consecutive time points was read in a gamma counter (Model
2470, PerkinElmer) to determine the growth factor release. Counts per minute (CPM) were
measured and corrected for radioactivity decay.

2.3 Cell culture
Fresh human urine were obtained from healthy donors, umbilical cord, and human skeletal
muscle specimens were collected from Wake Forest Baptist Hospital for this study have
been approved by the Wake Forest University Health Sciences Institutional Review Board.
Fifteen voided urine samples (100–400 ml) from two healthy men (25 and 40 years old,
respectively) were collected and immediately transferred to the laboratory for isolation and
culture, as reported previously [7]. Briefly, urine specimens were centrifuged at 500×g for 5
min and the supernatant was removed. The cell pellet was gently re-suspended in mixed
media composed of embryo fibroblast medium (EFM) and keratinocyte serum free medium
(KSFM) (1:1 ratio) and plated in 24-well plates (p0). Individual clones appeared 3–5 days
after plating. It took 7–10 days for a single USC clone to reach confluence in the initial
culture (p0) and then the cells were serially passaged at every 3–4 days after. Each single
cell clone was trypsinized and transferred into 6-well dishes when the cells reached a
confluence of 70–80% (p1). Finally, cell cultures were transferred to a 150 mm culture dish
(p2) for expansion; USCs (< p5) were used for all experiments as passaged adult stem cells
have higher differentiation capacity.

Human umbilical cord endothelial cells (HUVECs) were isolated by brief perfusion of 0.1
U/ml collagenase, 0.8 U/ml dispase prepared in Hank’s balanced salt solution into umbilical
cord veins [30]. HUVECs were then cultured on plates coated with fibronectin (Millipore,
Billerica, MA) using Endothelial Growth Medium-2 (EGM2) (Lonza Biologics, Portsmouth,
NH) containing 2% fetal bovine serum (FBS) at 37°C in a 5% CO2 cell incubator. Cultured
HUVECs were used as positive control in the assessment of angiogenesis.

Human skeletal muscle cells were isolated from chopped muscle tissue (1 mm × 1 mm) by
incubation in 10 ml of collagenase-II (0.1% w/v)-dispase (4 mg/ml) solution prepared in
DMEM for 1 hour at 37°C with constant shaking (60 rpm). The liberated cells were
collected (400×g) and washed with DMEM medium containing 10% horse serum and plated
into a 6-well tissue culture dish. After 2 hours, the supernatant from the dish was transferred
to another well and the process repeated. After 5 days in culture, the media was changed to
SkGM2 (Lonza, Biologics, Portsmouth, NH) containing 10% FBS at 37°C in a 5% CO2 cell
incubator. Cultured human skeletal muscle cells were used as control.

2.4 Endothelial differentiation of USCs in vitro
To assay the effects of growth factor releases on angiogenic differentiation of USCs, cells
were cultured with alginate microbeads loaded with VEGF. USCs at passage 3 were seeded
in a 24-well plate (1,000 cells/cm2) and microbeads containing VEGF were added to the cell
inserts (Millipore, Billerica, MA) on the top of wells. We intentionally excluded VEGF from
the EBM-2 media, so microbeads were the sole source of VEGF in the solution if any
endothelial induction was to occur. EGM-2 containing 10 ng/ml VEGF was used as a
positive control, and Dulbecco's modified Eagle’s medium (DMEM) containing 10% FBS
and 1% antibiotics penicillin and streptomycin (P/S) only or combined with VEGF
microbeads was used as a negative control. Media were changed every three days. mRNA
was collected for real-time PCR analysis of endothelial markers (CD31 and vWF) at 14 days
from these samples, as previously reported [31].
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2.5 In vivo implantation
A total of 24 male athymic mice at 6 weeks old (Harlan Laboratories, Indianapolis, IN)
divided into ten groups, as listed in Table 1. Cell-free or/and cytokine-free preparations were
used in Groups 1–5 (controls). USCs mixed with microbeads containing six growth factors
were divided into five groups: myogenic (PDGF-BB plus HGF), angiogenic (VEGF),
neurogenic (IGF, NGF, and FGF-1), synergistic 1 (six growth factors cocktail) and
synergistic 2 (growth factor cocktail plus endothelial cells). When six growth factors were
all delivered together in (Groups 9 and 10), the growth factor doses in these groups were
reduced to one-third of those used in Groups 6–8. USCs at p3, HUVECs, and human
skeletal muscle cells (as controls) at p5 were used for cell injection.

A total of 5×106 cells (human skeletal muscle cells or USCs alone, or USCs plus ECs (4:1))
were embedded in 0.5 ml collagen-I gel (2 mg/ml) combined with various alginate beads
according to group assignment. These cell-bead-collagen gel preparations were
subcutaneously injected into 4 sites (right and left flanks in front and rear areas) per animal.
All experiments with nude mice were approved by the Wake Forest University Health
Sciences Institutional Animal Care and Use Committee.

2.6 Gross inspection and microhistologic analysis
Graft appearance was grossly assessed at day 28, at which point the mice were sacrificed.
After harvesting, each implanted graft specimen was photographed and weighed. Half of the
tissue specimen was frozen immediately in liquid nitrogen for real-time PCR measurements.
The remaining half sample was embedded in optimal cutting temperature (O.C.T.) for
immunofluorescence or fixed in 10% neutral buffered formalin, dehydrated, and embedded
in paraffin for histology. Five-µm graft sections were cut and mounted using anti-fade
mounting media (Vector Laboratories). For visualization of cell density, 4',6-diamidino-2-
phenylindole (DAPI) staining was performed. For histological evaluation, routine
hematoxylin and eosin (H&E) and Masson’s trichrome staining were performed.

To monitor the fate and differentiation of human USCs in vivo, we conducted
immunofluorescent triple staining using DAPI and human nuclei antibodies combined with
either endothelial-, muscle-, or nerve fiber-specific markers (Table 2). Slides were
visualized under a fluorescent microscope (Leica-DM 4000B, Germany) and the images
were recorded for analysis. For semi-quantitative analyses of new nerve fibers, sections
stained with specific immunofluorescent markers and Masson’s trichrome were evaluated by
two independent and blinded observers using images captured by the microscope. The
average total number of targeted cells was counted by semi-quantitative assessment in 10
separate fields under 200 X magnification.

2.7 Real-time PCR
The mRNA was extracted from two sources 1) endothelial differentiated USCs, induced in
vitro with VEGF released from microbeads in endothelial differentiation medium; and 2)
implanted grafts. With an RNA isolation kit (5 PRIME, Gaithersburg, MD) according to the
manufacturer’s instructions, 5 µg RNA was converted to cDNA in a reaction containing
random primers, nucleotides, and reverse transcriptase enzyme using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA). One-tenth of the cDNA was
then used for real-time analysis along with Taqman Universal PCR master mix and Taqman
gene expression probes according to the manufacturer’s instructions, using a 7300 Real
Time PCR system (Applied Biosystems, Foster City, CA). Reagents used for real-time RT
PCR analysis were purchased from ABI (Applied Biosystems, Foster City, CA). The primer
pairs used in this study are listed in Table 3.
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2.8 Statistical analyses
Values are expressed as mean ± standard deviation (SD). Comparisons of the graft weight,
human nuclei/DAPI ratio, real-time PCR analysis for endothelial and muscle transcripts, and
numbers of neuron fibers among ten groups were performed by using one-way ANOVA
(SPSS 16.0), followed by a Student-Newman-Keuls post hoc test for multiple comparisons
when appropriate. P values ≤ 0.05 were considered as statistically significant.

3. Results
3.1 Release of I-125-labeled growth factors from microbeads in vitro

Alginate microbeads appeared stable and uniformly spherical after their preparation. No
broken or damaged capsules were detected. The size of microbeads were about 400–500 um
and the pore size after PLO coating was about 70–80 kDa. In this study, we chose to assess
the release kinetics of IGF a smaller peptide and VEGF a bigger peptide separately and in
combination with other growth factors in order to determine how molecular size of the
growth factors may affect their release kinetics when encapsulated in the presence of others.
The imbedded growth factors, including I-125-labeled VEGF, IGF and unlabeled FGF-1,
NGF, were released quickly in the first few days of incubation followed by a steady rate of
release for a month. As expected, the release rate of IGF-1 (mw ~7.6 KDa) was higher when
present in the microbeads alone than its release rate when combined with VEGF (mw ~45
KDa) in the microbeads (Fig. 1). In contrast, the release of VEGF when present alone in the
microbeads was similar to its release when VEGF combined with other growth factors (Fig.
1). The same steady state (VEGF) of slow release trend was consistent over 30 days,
regardless of growth factor groups. After the sampling was stopped, no remaining growth
factors were detected in the microbeads, indicating the cytokines were all successfully
released from the microbeads.

3.2 Endothelial differentiation of USCs in vitro
After USCs were cultured in the induced medium with VEGF-loaded microbeads for 14
days, gene expression of endothelial markers (CD31 and vWF) was significantly increased
compared to negative controls (non-induced USCs and urothelial cells) (p<0.05) (Fig.2).
Moreover, endothelial gene expression of USCs induced in the medium with VEGF-beads
was similar to expression in USCs treated with medium with VEGF, indicating that VEGF
release from the microbeads was bioactive.

3.3 Gross assessment of implanted grafts
Although implant sizes were similar among 9 of the 10 groups (the graft sizes in Group 1
were 1/3 smaller than other groups, Fig. 3A), the weight of implanted grafts in USCs
combined with the microbeads containing growth factors (Groups 6–10) was significantly
higher compared to those in Groups 2–5 (p<0.05) (Fig. 3B). No significant differences in
graft weight were seen among Groups 6–10. This was also true among the control groups
(Groups 2–5). Importantly, no tumors were found, and no animals died during the 28 days of
subcutaneous implantation.

3.4 Real-time PCR analysis, histology, and immunocytochemistry
More implanted cells with human nuclei protein expression and resident cells were found
surrounding the microbeads in Groups 6–10, especially in Groups 9–10, based on the high
ratio of human nuclei/DAPI staining, compared to the other groups after 28 days of
subcutaneous implantation (Figs. 3C–E).
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3.4.1 Myogenic differentiation of USCs—Expression of skeletal muscle-specific
transcripts (Myo-D, desmin, and myf-5) were about 4-5-fold greater in USCs with myogenic
growth factors (Group 6), all growth factors cocktail (Group 9), or plus ECs (Group 10)
(Fig. 4A). The highest levels of the transcript were in cultured human skeletal muscle cells
(control) and in the graft with skeletal muscle cells plus empty microbeads (Group 2). No
human muscle transcripts expression was detected in the gel-alone group (Group 1) and
growth factors alone (Group 5) because these primers were species-restricted transcripts for
human cells. Immunofluorescent triple staining of myogenic markers, human nuclei, and
DAPI showed that numbers of implanted cells expressing the skeletal muscle markers
significantly increased in Groups 2, 9, and 10; the next was Group 6, consistent with real-
time PCR data. Many cells without human nuclei expression also displayed myogenic
markers in Groups 6, 9, 10 compared to the empty microbead groups (Groups 1 and 3),
indicating that the resident muscle cells or resident stem cells migrated from the host into the
graft tissue. The resident stem cells might be differentiated into muscle lineage cells induced
by the growth factors released from microbeads (Fig. 4B).

Interestingly, a few cells were positive for myogenic marker and human nuclei staining in
the USC-alone group (Group 3), suggesting that some implanted USCs could be induced to
give rise to muscle-lineage cells in vivo (Fig. 4B, Table 4).

3.4.2 Angiogenesis and neo-vessel formation—Expression level of endothelial cell
transcripts (CD31 and vWF) was significantly higher, in Groups 9 and 10, compared to the
other groups (P<0.05) (Fig. 5A) except positive control (cultured HUVECs). No human
endothelial transcripts expression was detected in the gel-alone group (Group 1) and growth
factors alone (Group 5) as these primers were species-restricted transcripts for human cells.
No significant differences in transcript expression were found between Groups 9 and 10.
The same pattern was shown in triple staining. More cells around the microbeads were
positive for endothelial cell markers compared to the cells further away from the
microbeads. In addition, beside the cells with human nuclei expression, many cells without
human nuclei expression were also positive for endothelial markers in all groups,
particularly, more cells were positive for endothelial cell markers and more neo-vessels
formed in the groups with growth factors microbeads alone (Group 5) compared to the
group with skeletal myocytes (Group 2) or gel alone (Group 1) (Fig. 5B, Table 4). These
observations suggest that resident endothelial cells migrated from the host to participate in
angiogenesis. It is also possible that the resident stem cells migrated from the host into the
graft tissue and then differentiated into endothelial lineage cells induced by the growth
factors released from microbeads.

Interestingly, a few cells in the USC-alone group (Group 3) were positive for both human
nuclei and endothelial markers, implying that implanted USCs may participate in
angiogenesis in vivo even without growth factor delivery. In addition, the amount of neo
vessel formation in microbeads loaded with agiogenic growth factors (Groups 8–10)
significantly increased compared to microbeads with growth factor cocktail alone (Group 5),
indicating that USCs may play a role in revascularization within the implanted grafts.

3.4.3 Innervation—The numbers of neuron fibers within the grafts significantly increased
in Groups 9 and 10 as identified by semi-quantitative analysis based on triple
immunofluorescence staining (Fig.6A, 6B), including peripheral nerve cell markers
(neurofilament and S-100) combined with human nuclei and DAPI. The least amount of
innervation was in the gel-alone group (Fig. 6B, Table 4). Most new nerve fibers were
around the edges of grafts, but few cells expressing human nuclear markers were found in
new nerve fibers, indicating that nerve fibers were derived from the host tissue, not the
implanted cells. In addition, significantly increasing amount of innervation in microbeads
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loaded with neurogenic growth factors (Group 8) or growth factors cocktail with USCs
(Group 9) or plus ECs (Group 10) compared to microbeads with growth factor cocktail
alone (Group 5), similar results being observed in USCs alone (Group 3) verse empty
microbeads (Group 1) (Fig. 6B), suggesting that USCs may possess indirect neurogenic and
neuron rescue properties.

4. Discussion
Two potential treatments have been investigated to accelerate tissue repair from sites of
chronic injury or ischemia, growth factor therapy [32] and stem cell therapy [33]. A new
approach combining both therapies has been recently studied to induce stem cell
differentiation and increase cell differentiation efficiency for tissue repair [34]. The present
study documents a series of experiments aimed at demonstrating potential treatments for
patients with SUI. Using a feasible delivery system with synergistic growth factors, we
report that implanted autologous USCs were induced to differentiate into a myogenic
lineage, and that the growth factor combinations enhanced angiogenesis and innervation,
and stimulated resident cells to participate in regeneration of urethra sphincter tissue.

The sphincter muscle unit of the urethra has both internal and external sphincter muscles.
The internal sphincter is the extension of the detrusor muscle (the primary muscle for
forcing urine out of the bladder), is made of smooth muscle under involuntary or autonomic
control. By contrast, the external sphincter is made of skeletal muscle under voluntary
control of the somatic nervous system. Other connective tissues around the urethra,
including vessels and peripheral nerves, also play important roles in control of micturition.
Urinary incontinence occurs in three types of softy tissue injures, i.e. muscle weakness,
nerve damage, or vascular (blood supply) changes, all of which are potential targets for stem
cell therapies. Unlike using bulking materials to mechanically squeeze the urethra, a long-
term strategy to treat SUI is to repair defects of both skeletal and smooth muscle, and to
improve the blood supply and innervation in the mid-urethral segment [35]. Several clinical
trials have demonstrated that MSCs isolated from skeletal muscle or fat tissue injected into
the middle urethra restored the damaged contractile function of the striated muscles and
rhabdosphincter [36, 37]. The rationale of stem cell therapy is based on the multi-potent
differentiation capability and trophic properties of these cells [38]. Stem cells can give rise
to the target cells and secrete paracrine factors, such as angiogenic, neurogenic and
cytoprotective factors, to prolong cell survival and facilitate vascularization and innervation.
In the present study, we have demonstrated that USCs efficiently gave rise to skeletal
myogenic or endothelial lineage cells, and had neuro rescue effect in vivo via synergistic
activity of growth factors released from microbeads vehicles. The growth factors not only
improved the environment for the implanted cells by creating angiogenesis and innervation,
but also recruited resident cells into the graft site for tissue repair. In addition, the
combination of growth factors that facilitated myogenesis, angiogenesis, and innervation
was more effective in in vivo tissue regeneration than the growth factors applied
individually. Furthermore, this therapeutic approach would not require a preconditioning for
in vitro stem cell differentiation; thus it shortens the process and increases cell
differentiation efficiency.

An adequate blood supply is crucial for survival of cells in cell therapy, particularly in the
central core of the implants [39, 40]. Our previous studies demonstrated that modifying
USCs by exposing them to the angiogenic gene VEGF remarkably improved the cell
survival rate and myogenic differentiation of USCs by promoting angiogenesis in vivo [19].
However, angiogenic gene manipulation causes potential side effects, such as extensive
hemorrhaging within the liver [41] and tumorigenesis [42, 43] in implanted sites. Except for
gene transfection, growth factor injection therapy including cytokines such as VEGF, HGF,

Liu et al. Page 8

Biomaterials. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



IGF, NGF, PDGF, FGF, BMP, and EGF also acted as powerful therapeutic agents in tissue
engineering [44]. However, most growth factors are soluble and disappear quickly due to
their short half-life time in vivo. This growth factor injection approach also requires multiple
injections of large doses of proteins that results in several potential side effects, including
only transient improvements [42] or abnormal vascular structure, resulting in insufficient
therapeutic effect [44]. Thus, several growth factor delivery systems, such as chemical
conjugation of the growth factor to the matrix, or physical encapsulation of growth factors in
the delivery system [45], have been designed to overcome these disadvantages.

Different types of biomaterials have been used to achieve cytokine or drug delivery,
including biologics, polymers, silicon-based materials, carbon-based materials, or metals
[46]. Among those delivery vehicles, alginate hydrogel microbeads are an excellent
candidate for cytokine delivery, since they retain the bioactivity of the growth factors as
cross-linking occurs under physiological conditions. The alginate microbeads can be easily
modified; higher concentrations of alginate yield a tightly cross-linked matrix, resulting in
lower porosity and hence slower release of growth factors. Alginate-encapsulated proteins
such as FGF-1 [27], PDGF, and VEGF [47] have demonstrated a slow, low-level consistent
release of growth factors, and the efficacy of the delivery conduit was demonstrated both in
vitro and in vivo. Unlike gene delivery or protein injection, the effective delivery of
proteins, safety, and biocompatibility of microbeads provide promising benefits for
angiogenesis [25–27].

Our previous study showed heparin binding to FGF-1 could increase its half-life and retain
the normal mitogenic properties of FGF-1. Release time was prolonged when alginate
microbeads were combined with the heparin-binding growth factors [48].The loading
efficiency for all growth factors in this study was between 36–40%, which is very
comparable to other loading methods [23]. As alginate beads have a porosity of about 600
kDa, we applied a semi-permeable membrane of PLO coating which reduces the porosity to
about 70–80 kDa. This semi-permeable membrane allowed us to control the release of the
growth factors from these microbeads. No significant difference in the loading efficiency
was observed when the growth factors were loaded into microbeads between 24 to 48 h. As
is the case with hydrophilic drug carriers with hydrophilic payload, there is usually an initial
burst release that is followed by a sustained release of smaller levels of the encapsulated
substance [25], which explains why about 40–60% of the growth factors were released in
one day. Previous studies had shown that this release profile consisting of a high growth
factor concentration initially, followed by a decreasing concentration over time was found to
result in optimal angiogenic effect [49]. Thus, it was desirable for such burst release to occur
for the enhancement of the bioeffect of the growth factors. In our experiments, we observed
a steady and consistent release of smaller levels after the initial burst release during the first
day. Although certain variation in release profile was noted when multiple growth factors
were combined, the growth factors were still consistently released from the microbeads. The
growth factors release efficiency depends on their molecular weights because of their release
competition effect. Our data confirmed that biologically-active VEGF was efficiently
released from the alginate microbeads, leading endothelial differentiation of USC in vitro.

Increasing evidence has shown that cytokine combinations are better than a single cytokine
in tissue repair [50]. In the present study, we investigated the impact of growth factors on
angiogenesis with single, dual, or multiple delivery patterns in vivo. When given together,
the growth factors had a synergistic effect that improved implanted cell survival, muscle
tissue regeneration, neo-vacuolization, and innervations in vivo. Although IGF/NGF/FGF
acts on innervation, VEGF on angiogenesis, and PDGF/HGF on myogensis, most of them
have cross-cutting properties. For example, PDGF not only induces myogenic differentiation
of stem cells, but also promote angiogenesis [51]; furthermore, IGF can enhance innervation
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as well as promote myogenic differentiation of stem cells [52]. In addition, FGF-1 also
promotes angiogenesis [26].

More new nerve fibers appeared in the grafts of USCs implanted with alginate microbeads
containing neurogenic growth factors, compared to the other experimental groups. The nerve
fibers may have originated from the host tissue, rather than from the implanted USCs,
because these regenerated nerve cells were largely not positive for few human nuclei
staining. The present study also suggests that revascularization via angiogenic factors
released from the microbeads enhanced both muscle regeneration and innervation in vivo.

In summary, we demonstrated that the implanted USCs play an important role in cell
survival, myogenesis, angiogenesis, innervation, and recruitment of resident cells. All
groups of USCs with added growth factors achieved better outcomes than the groups with
the same types of growth factors without USCs. Some USCs could give rise to endothelial
cells without the addition of any growth factors, but these effects were strengthened by the
presence of angiogenic growth factors in vivo. In addition, as USCs could differentiate into
endothelial cells, endothelial differentiated stem cells could replace endothelial cells with no
necessity for adding extraneous endothelial cells to implanted grafts. Furthermore, USCs
appear the indirect neruogenic and neruoprotective effects during tissue regeneration.

5. Conclusions
The present study has demonstrated that an alginate microsphere delivery system is feasible
to control local levels of myogenic, angiogenic, and neurogenic growth factors and
efficiently release multiple growth factors in vitro for over 4 weeks. The synergism of
growth factors embedded in alginate microbeads can prolong grafted stem cell survival,
promote myogenic differentiation of stem cells, enhance peripheral nerve regeneration, and
recruit resident cells in vivo. Further investigations into the impact of combining growth
factors and USCs are needed in an SUI animal model to demonstrate potential use for the
incontinent patients.
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Fig. 1. Controllable release curve of alginate beads in vitro
The microbeads loaded growth factors, including I-125 radio-labeled VEGF, IGF and
unlabeled FGF-1, NGF, were released quickly in the first few days after overnight
incubation, regardless of the radiolabel. When two or more growth factors were
incorporated, no significant change in the release kinetics was seen.
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Fig. 2. Endothelial gene expression of USCs in vitro
USC (P3) were seeded at 1,000 cells/cm2 and induced by endothelial differentiation media
as follows: Treatment#1= DMEM (10%FBS) with VEGF alginate beads located in
transwell; Treatment#2= DMEM (10%FBS+1%P/S); Treatment#3=EC induced medium
(EGM-2) plus alginate microbeads loaded with VEGF; Treatment#4= Endothelial cell-
induced medium including VEGF solution (10 ng/ml). Significant increase of endothelial
cell-specific gene expression CD31 (A) and vWF (B) could be detected in both Treatments
#3 and 4, regardless of whether VEGF was added directly to the medium or delivered by the
alginate beads. Urothelial cells (UC) were the negative control and human umbilical vein
endothelial cells (HUVEC) were the positive control. **p<0.01.
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Fig. 3. Gross appearance, graft weight, histochemical staining, and immunostaining of the
implanted grafts after 4 weeks in vivo
A) Gross morphology of the implants showing details of vascularization and implant size.
Neovascularization of grafts was observed in G9 and G10 compared to the poor
vascularization of the G1 grafts (Gel alone+ empty beads). B) Weight changes among
implanted grafts after 4 weeks in vivo. *p<0.05, **p<0.01. C) Histochemical analyses of
implanted grafts after 4 weeks in vivo. Masson’s Trichrome staining on the grafts depicts
cells (red) more abundant in G9 and G10. D) Implanted cells were detected in vivo by
immunofluorescent labeling using human specific nuclear mitotic apparatus antibody (right
upper corner), stained in red. Specific staining appears reddish-purple (arrows) due to
colocalization with DAPI (blue) stained nucleus. Scale bar = 50 µm. E) Semi-quantitative
analyses human nuclei/DAPI staining ratio in implanted grafts. *p<0.05, **p<0.01.
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Fig. 4. Expression of skeletal myogenic-specific marker on induced USCs in vivo assessed with
quantitative PCR and immunofluorescent staining
A) Quantitative real-time PCR performed on total RNA for all groups using human
myogenic-specific primers (desmin, MyoD, and Myf-5). B) Implants of different treatment
groups of USC (p3) were harvested after 4 weeks in vivo. Groups 1,2, 3, 5, 6, and 9 were
subjected to immunofluorescent staining using skeletal myogenic markers (desmin, MyoD,
and Myf-5) and human nuclei specific marker. Specific areas of staining (depicted by white
arrows) appear green (desmin, MyoD, and Myf-5) and red (Human nuclei) nuclei were
counterstained with DAPI (blue). Scale bar = 50 µm.
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Fig. 5. Endothelial differentiation of USCs and angiogenesis of implanted grafts 28 days after
implantation in vivo
A) Quantitative real-time PCR was performed on total RNA from all groups using
endothelial-specific primers (CD31, vWF). B) Groups 1, 3, 4, 5, 7, and 9 were subjected to
immunofluorescent staining using the epithelial markers CD31 and von Willebrand factor
(vWF) with Human nuclei specific marker. Specific staining (shown by arrows) appears
green with nuclear staining in red (human nuclei) and blue (DAPI) indicating these were
implanted cells that successfully differentiated to endothelial cells in vivo. Scale bar = 50
µm.
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Fig. 6. Innervation of implanted grafts 28 days after implantation
A) Cross-sections of samples from Groups 1, 3, 4, 5, 8, and 9 were subjected to
immunofluorescent staining using DAPI (blue), human nuclear (red) and nerve cell
antibodies (green)-S-100 and Neurofilament (NF). Scale bar= 50 µm. B) Semiquantitative
analyses of nerve fibers in the implanted grafts. *p<0.05, **p<0.01.
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Table 1

Research Design

Groups (G) Function groups Injections of Cell–Microsphere Beads in
Collagen I gel

Doses of growth factors/injection Number of
Grafts/

Number of
Animals

G1 Control 1 Cell-free/empty beads 0 8/2

G2 Control 2 Human Myoblasts/empty beads 0 8/2

G3 Control 3 USCs/empty beads 0 8/2

G4 Control 4 USCs-EC/empty beads 0 8/2

G5 Control 5 Cell-free combine with IGF/NGF/FGF-1+VEGF
+PDGF/HGF beads

IGF (43.75ng), NGF(7.8 ng),
FGF-1(15.625ng), VEGF (21.875

ng), PDGF-BB (12.5ng), HGF
(62.5ng)

8/2

G6 Myogenic USCs combine with PDGF-BB/HGF beads PDGF-BB (37.5ng), HGF
(187.5ng)

8/2

G7 Angiogenic USCs combine with VEGF beads VEGF (65.6 ng) 8/2

G8 Neurogenic USCs combine with IGF/NGF/FGF-1 beads IGF (131.25ng), NGF(23.44 ng),
FGF-1(46.875ng)

8/2

G9 Synergetic 1 USCs combine with IGF/NGF/FGF-1 + VEGF +
PDGF/HGF beads

IGF (43.75ng), NGF(7.8 ng),
FGF-1(15.625ng), VEGF (21.875

ng), PDGF-BB (12.5ng), HGF
(62.5ng)

16/4

G10 Synergetic 2 USCs-ECs combine with IGF/NGF/FGF-1 +
VEGF+ PDGF/HGF beads

IGF (43.75ng), NGF(7.8 ng),
FGF-1(15.625ng), VEGF (21.875

ng), PDGF-BB (12.5ng), HGF
(62.5ng)

16/4
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Table 2

Antibodies used in this study

Cell markers Host Dilution Company

CD31 Endothelial cells Goat 1:100 Santa Cruz SC-1506

vWF Endothelial cells Rab 1:200 Dako A0086

Desmin Skeletal muscle cells Goat 1:100 Santa Cruz SC-7559

Myf-5 Skeletal muscle cells Goat 1:100 Santa Cruz SC-12117

Myo D Skeletal muscle cells Rab 1:100 Santa Cruz SC-304

Human nuclei Human nuclear Mouse 1:50 Millipore MAB1281

S-100 Peripheral nerve Rab 1:100 Abcam ab868

NF Peripheral nerve Rab 1:1000 Abcam ab82259
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Table 3

Primers for real-time PCR used in this study*

Primary antibody Cell markers Catalog #

CD31 Endothelial cells Hs01065279_m1

vWF Endothelial cells Hs00169795_m1

Desmin Skeletal muscle cells Hs01090875

Myf-5 Skeletal muscle cells Hs00224610

MyoD Skeletal muscle cells Hs00159528_m1

GAPDH Housekeeping gene NM_002046.3

*
All primers obtained from Applied Biosystems, Foster City, CA.
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