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The molecular mechanisms of mesenchymal

stem cells on gold nanocomposites
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Gold nanocomposites with angiogenic factors promote
endothelialization in mesenchymal stem cells and

endothelial progenitor cells
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Abstract

Stem cell therapy and the hope for myocardium and vascular
regeneration has become the focus of many basic and clinical
investigations for more than a decade. Wharton's jelly stem cells (WJCs)
has self-renew, multipotent differentiation potential and represents an
attractive cell source for regeneration of damaged tissues. The
implantation of artificial blood vessels and repair damaged tissue has an
Important capacity. The nanocomposites from polyurethane (PU)
containing small amount (43.5 ppm) of gold (Au) nanoparticles was
prepared. Previous studies showed that the nanocomposites (PU-Au)
exhibited greater proliferation and biological performance of endothelial
cells. In this study, we focus on the novel gold nanocomposites whether
they can promote the migration and proliferation of WJCs. On the other
hand, we collected the endothelial progenitor cells (EPCs) from
peripheral blood mononuclear cells (PBMNCs) and cultured on PU-Au
can effectively improve the response capacity of vascular tissue damage
in vivo. Vascular endothelial growth factor (VEGF) and stromal
cell-derived factor-1 (SDF-1, CXCR4 specific ligand) enhanced WJCs
migration and proliferation has been observed in this study. Indeed,
PU-Au can be modulated signal through the activation of focal adhesion
Kinase (FAK)/Rho-GTPase, PI3K/Akt/eNOS and matrix
metalloproteinase-9 (MMP-9) molecular mechanism to promote the
migration effect of WJCs. The higher level of integrins (a5B3 and
CXCR4) was also induced by PU-Au after VEGF and SDF-1 stimulation.

In addition, the EPCs with PU-Au were reduced thrombosis effectively
v



and enhanced the differentiation of EPCs to endothelial cells. These
results demonstrate that PU-Au might enhance cell proliferation and
migration, and differentiate into endothelial cells contribute to

neovascularization in the vascular lesion.
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Abbreviations

PU: polyurethane

PU-Au: polyurethane-gold nanocomposite
WJCs: Wharton’s jelly stem cells

PBMNC:s: peripheral blood mononuclear cells
EPCs: endothelial progenitor cells

VEGF: vascular endothelial growth factor
SDF-1: stromal cell derived factor-1

FAK: focal adhesion kinase

MMP: matrix metalloproteinase

ECs: endothelial cells

MSCs: mesenchymal stem cells

BM: bone marrow

ECM: extracellular matrix

eNOS: endothelial nitric oxide synthase
TCPS: tissue culture plates

FN: fibronectin

FN-Au: fibronectin-gold nanocomposite
AFM: atomic force microscope

FTIR: fourier transform infrared spectrometer
SEM: scanning electron microscope

NO: nitric oxide
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Introduction

1. Atherosclerosis

Atherosclerosis is a condition in which an artery wall thickens as the
result of a build-up of multiple plaques within the arteries, such as fatty
materials [1]. It is a syndrome affecting arterial blood vessels, a chronic
inflammatory response in the walls of arteries, in large part due to the
accumulation of macrophage white blood cells and promoted by
low-density lipoproteins (LDL) without adequate removal of fats and
cholesterol from the macrophages by functional high density lipoproteins
(HDL) [2]. These complications of advanced atherosclerosis are chronic,
slowly progressive and cumulative. Most commonly, soft plaque
suddenly ruptures, causing the formation of a thrombus that will rapidly
slow or stop blood flow, leading to death of the tissues fed by the artery in
approximately 5 min [3]. This catastrophic event is called an infraction.
One of the most common recognized scenarios is called coronary
thrombosis of a coronary artery, causing myocardial infarction (a heart
attack) [4]. The same process in an artery to the brain is commonly called
stroke [5]. Another common scenario in very advanced disease is
claudication from insufficient blood supply to the legs, typically due to a
combination of both stenosis and aneurysmal segments narrowed with
clots. Since atherosclerosis is a body-wide process, similar events occur
also in the arteries to the brain, intestines, kidneys, legs, etc [5-6].

In general, the group of medications referred to as statins has been

the most popular and is widely prescribed for treating atherosclerosis [7].
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On the other hand, stents are also used in a variety of vessels aside from
the coronary arteries [7]. The most common techniques in current
practice are angioplasty with stenting, and CABG surgery (for patients
with multivessel disease) [8]. Balloon angioplasty and stenting in fact
manage the form of the plaque, and does not create a significant problem
of plaque residue flowing from the site. Once a role for elective stent
implantation was established, the next goal was to overcome the
complications of subacute stent thrombosis (drug-eluting stents) and
neointimal hyperplasia (bare-metal stents) through pharmacologic and
physical means [9-10]. Among unresolved issues the investigators can
describe restrictions in patients with stenosis of an unprotected left main
coronary artery, multivessel disease, diabetes mellitus, still rather high
rate of in-stent restenosis, and as a solution of the problem with a foreign
body in vessel, the development of biodegradable stents [11-12]. Recently,
atificial graft with cell-based therapy and the hope for myocardium and
vascular regeneration has become the focus of many basic and clinical

investigations.
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2. Endothelialization

Endothelialization of vessel grafts is considered a protective
mechanism where the endothelial cells (ECs) a range of favorable
responses, including antithrombotic, noninflammatory responses and
inhibition of intimal hyperplasia [13]. The most exciting strategy
exploration in ECs sourcing is the seeding of endothelial progenitor cells
(EPCs). EPCs are considered as a promising alternative to primary
endothelial cells for the development of vascular grafts [14]. These cells
meet important requirements for tissue engineering applications, namely,
they have therapeutic potential, a highly proliferative and
antithrombogenic behavior, and can be obtained easily from peripheral
blood and human cord blood. In 1997, Asahara et al. characterized EPCs
in human peripheral blood using magnetic bead selection [15]. Since
EPCs can give rise to ECs and are known to facilitate the
neovascularization of an implanted site, EPCs may be used to facilitate
collateral vessel growth into ischemic tissues through delivery of anti- or
proangiogenic agents [16]. EPCs have been implanted into various
ischemic tissue models, for example, ischemic hindlimbs [17] and areas
of myocardial infarction [18]. Recently, EPCs have also been used to
engineer blood vessels. It has been shown that an intramyocardial
injection of autologous EPCs or intravenous administration of EPCs can
increase vasculogenesis and improve cardiac function after myocardial
infarction in animal experiments and clinical trials [19]. However,
abundant evidence suggests that EPCs contribute to vascular repair,
remodeling, and lesion formation under physiological and pathological
conditions. Systemic administration of EPCs also improves functions of
ischemic tissues after stroke [20] or myocardial infarction [21]. Thus, it is

hypothesized that homing and differentiation of EPCs largely depend on
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their signaling cascade that occurs upon artificial vascular graft. Coating
of biomaterials by EPCs attracting compounds such as PU-Au may be
used to achieve the settlement of synthetic surfaces by endothelial cells.
However, EPCs could proliferate in vitro but gradually lost their
proliferative potential and specific functions, which limited their clinical
applications [22]. To replace EPCs, mesenchymal stem cells (MSCs) are

a promising source of stem cells for regenerative therapy [23].

3. Stem cells

Stem cells from many sources have been used to induce
angiogenesis, neovascularization and endothelialization, associated with
local proliferation, differentiation and angiogenic cytokine production of
implanted cells within ischemic tissues [24-26]. Stem cells are biological
cells found in all multicellular organisms, that can divide through mitosis
and differentiate into diverse specialized cell types and can self renew to
produce more stem cells. In mammals, there are two broad types of stem
cells: embryonic stem cells that are isolated from the inner cell mass of
blastocysts, and adult stem cells that are found in various tissues. In adult
organisms, stem cells and progenitor cells act as a repair system for the
body, replenished in adult tissues. In a developing embryo, stem cells can
differentiate into all the specialized cells, but also maintain the normal
turnover of regenerative organs, such as blood, skin, or intestinal tissues.
Stem cells can be taken from a variety of sources, including bone marrow,
umbilical cord and umbilical cord blood. The MSCs are one of the most

interesting of the adult stem cell types [27]. MSCs are multipotent stem



cells that can differentiate into a variety of cell types, including

osteoblasts, chondrocytes, and adipocytes [28-32].
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These cells are easily isolated, cultured, and manipulated ex vivo.
MSCs exhibit great plasticity and harbor the potential for therapeutic
applications. In 2006, the International Society for Cellular Therapy
(ISCT) convened a working group to discuss immunophenotypic analysis
MSCs [28]. This group defined bone marrow-derived MSCs, in a clear,
minimalist fashion, as a plastic adherent cell population isolated from the
bone marrow cavity with the following surface markers: CD13, CD44,
CD90, CD73, CD105", CD14, CD11b, CD79, CD 34, CD45 and
HLA-DR[33]. Bone marrow is the main source of multipotent MSCs.
Human bone marrow—derived MSCs (BM-MSCs) can differentiate into
endothelial like cells [34]. However, BM harvesting is a highly invasive

procedure to the donors, and proliferation efficiency, multipotent
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differentiation potential, and maximal lifespan of BM-MSCs decline with
aging [35-38]. Alternative sources for MSC isolation have been pursued.
MSCs can also be isolated from umbilical cord Wharton’s jelly.
Wharton’s jelly (WJ) from the umbilical cord is a novel source of MSCs,
called Wharton’s jelly stem cells (WJCs) [39]. The WJICs self-renew and
can be induced to differentiate into various cell types. Previous studies
showed that WJ-derived MSCs were induced to differentiate into
endothelial-like cells and had highly endothelial differentiation potential
compared with BM-MSCs [40]. WJCs display MSCs surface markers,
suggesting that they are of the MSC family [40].

4. Polyurethane

Nanatechnology creates new platforms that might enable novel
tissue-engineering technologies [41]. Current methods for synthesis of
nano-composites allow for manipulation of their unique properties.
Examples of nanomaterials include nanotubes, nanofiber, nanoparticles,
polymeric micelles, nanogels and dendrimers [43]. Polyurethane (PU) is
one of the most interesting synthetic elastomers [45]. Because of its
unique properties, more attention has been paid to the synthesis,
morphology, chemical, and mechanical properties of the polymer. PU is
also widely used in biomedical applications because of its good
biocompatibility and mechanical properties [43]. Gold (Au) is regarded as
one of the noble metals with high biocompatibility. Au nanoparticles
were used for immobilization of biomolecules such as proteins, enzymes,

and antibodies [44]. This combination has been recently used as a
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biomimetic interface to construct a cellular biosensor [44]. The response
of ECs to a PU characteristic of surface micelles (~89 nm in diameter)
and a novel nanocomposites (PU-Au) containing smaller surfaces
micelles (~14-22 nm in diameter) was investigated [43, 45, 59-60]. The
advantage of the nanocomposites as a model system is that the chemical
composition of the model polymers is essentially uniform because of the
limited amount of Au in each composite. The better improvement of in
vitro and in vivo biocompatibility of this PU at such low Au
concentrations (43.5 ppm) is believed to be a result of the altered surface
morphology as well as associative effects in the presence of Au [43, 45,

59-60].

5. Stem cells migration and homing

As in development, stem cell homing and migration are critical for
the ongoing replacement of mature cells and regeneration of damaged
cells in many adult tissues [46]. This process requiring a interplay of
adhesion molecules, cytokines and chemokines, and extracellular matrix
degrading proteases [47-48]. Stem cell function in adult tissue repair and
replacement often recapitulates the processes that gave rise to these cells
and enabled their dissemination during development. Stem cells within
the bone marrow reside in close contact with surrounding stromal cells
and are released upon activation by physical or chemical stimuli [49].
Several of these factors can further enhance stem cells proliferation,
migration and homing to damage tissues and subsequently induce

differentiation of mobilized stem cells into matured cells [50]. One of the
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most prominent chemokines that initiate stem cell migration is the
stromal cell-derived factor-1 (SDF-1) [50]. It provides a gradient toward
which stem cells migrate, and in which they are retained in the bone
marrow microenvironment. SDF-1 is a member of the CXC chemokine
family, and has been shown to be essential for chemotaxis of both stem
and progenitor cells, and is involved in B lymphopoiesis and
myelopoiesis [51]. It binds to the CXCR4 receptor, also known as CD184,
which belongs to the class of G-protein coupled receptors, whereby
chemokine binding will initiate the migration of lymphocytes,
hematopoietic stem cells [52], and tumor cells [53-55]. The interaction
between CXCR4 and its’ ligand SDF-1 plays a pivotal role in regulating
the retention, migration, and mobilization of stem cells during steady

state homeostasis and injury [56].
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Several studies showed that cell homing were linked with CXCR4
and through the focal adhesion kinase (FAK) to activate the Rho GTPase
protein, resulting in the matrix metalloproteinases (MMP-2 and MMP-9)
activation, which stimulates cell adhesion, and migration [57-58]. On the
other hand, recently, found that the response of ECs to different surface
morphology of PU-Au involved PI3K/Akt/eNOS activation and FAK
signaling [59, 66]. Therefore, the PI3K/Akt/eNOS pathway also plays a
pivotal role in the process of stem cell mobilization, migration and

homing.

Int J Cardiol 2010; 144(3):350-66.



Materials and Methods

1. Synthesis of polyurethane

PU dispersion and the diisocyanate salt were supplied by Great
Eastern Resins Industrial Co., Taiwan. The PU dispersion (50% solid
content in distilled water) was synthesized based on a molecular ratio 3:1
from hexamethylene diisocyanate (HDI) and the macrodiol
poly(butadiene adipate), and further chain-extended by ethylene diamine
sulfonate sodium salt and ethylene diamine. The diisocyanate salt was a
mixture of isocyanurate trimer of hexamethylene diisocyanate (HDI
trimer) and 6% Bayer hardener (made from HDI trimer and polyethylene
glycol). The final polymer had a hard segment weight fraction of about
34.6% [60]. Au nanoparticles were supplied as a suspension (50 ppm/ml
in distilled water). The diameter of the Au nanoparticles was uniform in
the range of 4~7 nm (average 5 nm), as determined by transmission

electron microscopy [59].

2. Preparation of polyurethane-gold (PU-Au) nanocomposite films

The PU dispersion was diluted by distilled water or Au suspension
to 10 wt% solid content. The diisocyanate salt was added to the PU
dispersion (concentration of the diisocyanate salt at 1 wt%), and the
mixture was stirred for 30 min to obtain the suspension of plain PU or
PU-Au nanocomposites. The PU-Au suspensions were prepared to
contain 43.5 ppm of Au in the final nanocomposites after water removal.

Thin films (~0.02 mm) were cast from the PU or PU-Au suspension on
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15-mm or 32-mm round glass coverslips by a spin coater. They were
dried at 60°C for 48 hrs and further dried in a vacuum oven at 60°C for 72
hrs to remove any residual solvent. The surface morphology and

microphase separation were confirmed by atomic force microscopy [66].

3. Characterization and immunophenotyping of Wharton’s jelly

stem cells (WJCs)

The collected human umbilical cord tissues were washed three times
with Ca?* and Mg®*-free PBS. They were mechanically cut by scissors in
a midline direction and the vessels of the umbilical artery, vein and
outlining membrane were dissociated from the Wharton’s jelly (WJ). The
jelly was then extensively cut into pieces smaller than 0.5 cm®, treated
with collagenase type 1 (Sigma, St Louis, USA) and incubated in DMEM
containing 10% fetal calf serum (FCS) for 14 to 18 hrs at 37°C in a 95%
air/5% CO, humidified atmosphere. The cellular morphology became
homogenously spindle shaped in cultures after 4~8 passages, and the
specific surface molecules of cells from the WJ were characterized by
flow cytometric analysis [40]. The cells were detached with 2 mM EDTA
in PBS, washed with PBS containing 2% BSA and 0.1% sodium azide
and incubated with the respective antibody conjugated with fluorescein
isothiocyanate (FITC) or phycoerythrin (PE) against the indicated
markers: CD14-FITC, CD29-PE, CD34-FITC, CD44-FITC, CD45-PE,
CD73-PE, CD90-FITC and CD105-PE. PE-conjugated IgG1l and
FITC-conjugated 1gG1 were used as isotype controls. Thereafter, the cells

were analyzed by a FACS calibur flow cytometry.
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4. Matrix metalloproteinase (MMPSs) activity

WICs (2x10° cells per well) were seeded in 6-well plates with
material-coated coverslips and cultured for 48 hours. After 48 hrs the
conditioned medium was collected, centrifuged and assayed for gelatin
zymography as previously described [66]. The gels were stained with
0.5% Coomassie brilliant blue R-250 in 10% acetic acid and 45%
methanol and destained with 10% acetic acid and 45% methanol. Bands
of gelatinase activity appeared as transparent areas against a blue
background. MMP-2 and MMP-9 gelatinase activity was then evaluated
by quantitative densitometry. Data were normalized on the protein

amount measured in cell supernatant.

5. Western blotting

WIJCs (2x10° cells) were seeded into each well of a 6-well tissue
culture plate containing 32-mm material-coated coverslips cultured with
50 ng/ml VEGF and 50 ng/ml SDF-1 treatment. After 48 hrs of
incubation, cells were washed three times with the ice-cold PBS, lysed in
the RIPA lysis buffer [50 mM Tris, pH 7.4, 1 mM EDTA, 1 mM
phenylmethyl sulfonyl fluoride (PMSF), 25 mg/ml leupeptin, 0.1 mg/mi
aprotinin, 1 mM dithiothreitol, 1 mM NaF, and 1% NP-40]; scraped from
the dish, rotated for 1 hr at 4 °C, and centrifuged for 15 min at 14000xg.
The protein concentration in the supernatant was quantified by using a
protein assay kit, and 30 ug proteins of each sample were subjected to
SDS-PAGE. For immunoblotting, separated proteins were transferred
onto a nitrocellulose membrane by a semi-dry blotting technique. The

membrane was blocked with 5% non-fat dry milk in PBS for 1 hr at room
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temperature before overnight incubation at 4°C with the primary
antibodies [anti-phospho-eNOS antibody (1:500 dilution),
anti-phospho-Rho (Ser188) antibody (2:500 dilution),
anti-phospho-Rac/Cdc42  (Ser71l)  antibody  (1:500  dilution),
anti-phospho-Akt (Ser473) antibody (1:500 dilution), anti-phospho-FAK
(Tyr576/577) antibody (1:500 dilution)] and controls [anti-actin antibody
(1:5000 dilution), total anti-Akt antibody (1:1000 dilution), total
anti-FAK antibody (1:500 dilution), total anti-Rho antibody (1:500
dilution), total anti-Cdc42 antibody (1:500 dilution), total anti-Rac
antibody (1:500 dilution)] to ensure uniformity of loading. After
incubation with the primary antibodies, the membrane was washed,
incubated for 1 hr with peroxidase-conjugated secondary antibodies, and
then treated with the ECL Western blotting detection system, according to
the manufacturer's instructions. Quantification was performed by
densitiometric analysis with the LabWork Image Acquisition and
Analysis software. The tests were performed three times and the

representative data are shown.

6. Immunofluorescence staining of CXCR4 and o583 integrin

expressions

WICs (2x10° cells per well) were seeded in 24-well plates with PU
and PU-Au material-coated coverslips and cultured with VEGF (50 ng/ml)
and SDF-1(50 ng/ml) treatment on PU-Au nanocomposites for 8 hrs and
48 hrs. After 8 hrs and 48 hrs in culture, they were fixed with 4%
paraformaldehyde and permeabilized with 0.5% (v/v) Triton X-100 in
PBS for 10 min prior to staining. Following fixation and permeabilization,
non-specific binding was blocked by adding 1% (w/v) bovine serum

albumin (BSA) for 30 min at room temperature. Cells were incubated
13



with primary anti-CXCR4 antibody solution (1:100 dilution), and
anti-a5B3 antibody solution (1:100 dilution) overnight, washed
extensively and then incubated with the appropriate secondary
Cyb.5-conjugated immunoglobulin (red color fluorescence: anti-a533
antibody) (1:100 dilution) or FITC-conjugated antibody (green color
fluorescence: anti-CXCR4 antibody) (1:100 dilution) for 60 min,
Following further extensive washing, the nuclei were stained with 4',
6'-diamidino-2-phenylindole (DAPI) (1:500 dilution) for 30 min. After
two further washes, coverslips were mounted on microscope slides with
the storage solution (glycerol/PBS) and sealed with a synthetic mount.

Images were collected on fluorescence microscope.

7. Flow cytometry of CXCR4 and o583 integrin analysis

The expression of cellular a5B3 integrin and CXCR4 was detected
by flow cytometry. WJCs (2x10° cells) were seeded into each well of the
6-well tissue culture plate containing material-coated coverslips as
described. WJCs were cultured with 50 ng/ml VEGF or 50 ng/ml SDF-1
for 48 hrs. After 48 hrs of incubation, the cells were collected by
trypinization. Cells were treated with labeled o533 integrin and CXCR4
at the concentration of 10 ug/ml for 1 hr. Cells were then treated with PE
or FITC-goat anti-mouse immunoglobulin antibody, washed three times
in PBS and then analyzed by a FACS calibur flow cytometer.
Fluorescein-positive cells were processed using the FCS software. The
expression of a5B3 integrin and CXCR4 were also determined by

immunofluorescence staining as described earlier.

8. Human blood samples collection
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EPCs were cultured according to a previously described technique.
Briefly, peripheral blood mononuclear cells (PBMNCs) were isolated
from healthy volunteers by density gradient centrifugation with Percoll

separating solution.

9. Buffy coat cell preparation

Human peripheral mononuclear cells (PBMNCs) were obtained as
previously described [18], with minor modifications. Blood (20~100 ml)
was diluted 1:1 with Hanks balanced salt solution (HBSS) and was
overlaid onto an equivalent volume of Histopaque. Cells were centrifuged
for 30 min at room temperature at 740 g. PBMNCs were isolated and
washed 3 times with M199 medium supplemented with 10% fetal bovine
serum (FBS), 2% penicillin/streptomycin, 2 mM glutamine and 50 ng/mi
VEGF.

10. Purification and selection of CD34" endothelial progenitor cells

PBMNCs were prepared from fresh or cryopreserved whole adult
human peripheral blood sample. The PBMNCs layer was collected using
the ficoll-Histopaque centrifugation method, and washed twice with 1mM
EDTA in PBS. The CD34" PBMNCs were separated from 2x10°
PBMNCs by a magnetic bead separation method (MACS) according to
the manufacturer’s instructions. In brief, PBMNCs were suspended in
300 ul PBS and 5 mM EDTA. These cells were labeled with a
hapten-conjugated mAb against CD34, followed by an anti-hapten Ab
coupled with microbeads, and were incubated with beads at ratios of 100

ul beads per 10° cells for 15 min at 4 °C. The bead-positive cells (CD34*
15



PBMNCs) were enriched on positive selection columns set in a magnetic
field. FACS analysis using anti-CD34 antibodies labeled with PE of
MACS-sorted cells showed that 90% + 3% of the selected cells were
positive for both CD34 and CD133, and cultured with VEGF (50 ng/ml)
for 72 hrs in medium at 37°C in a humidified atmosphere of 5% CO, /

95% air and antibiotics, and prepared for transplantation.

11. Culture of CD34" endothelial progenitor cells

EPCs were resuspended in M199 medium. Cells were seeded onto 3
separate wells of a 6-well tissue culture plate precoated with Fibronectin
at 37°C, 5% CO,, in a humidified incubator. After 24 hrs of culture, non
adherent cells and debris were aspirated, adherent cells were washed once
with complete medium, and complete medium was added to each well.
After 3 days in culture, non-adherent cells were removed by washing with
PBS, new medium was applied, and culture was maintained through 1 to
21 days of incubation. Endothelial cell colonies were enumerated by

visual inspection using an inverted microscope under 40 x magnification.

12. Characterization of endothelial progenitor cells

EPCs (2x10° cells on each 15 mm material-coated coverslip glass
placed in a 24-well plate) were incubated in the complete medium. After
48 hrs in culture, they were fixed with 4% paraformaldehyde and
permeabilized with 0.5% (v/v) Triton X-100 in phosphate buffered saline
(PBS) for 10 min prior to staining. Following fixation and
permeabilization, non-specific binding was blocked by adding 1% (w/v)
bovine serum albumin for 30 min at room temperature. Cells were

incubated in the primary anti-eNOS antibody solution (1:300 dilution)
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and anti-vWF antibody solution (1:300 dilution) for 60 min, washed
extensively and then incubated with the appropriate secondary
anti-FITC-conjugated antibody (1:300 dilution) for 60 min. Following
further extensive washing, the nuclei were stained with 4/,
6'-diamidino-2-phenylindole (DAPI) (1:500 dilution) for 20 min. After
two further washes, the coverslip was mounted on microscope slides with
the storage solution (glycerol/PBS) and sealed with a synthetic mount. In
each case a primary antibody free control was produced. Images were

collected on a fluorescence microscope.

13. Surface grafting of PU-Au

Gold (Au) nanoparticles (180 ppm pure 5 nm Au fine particles in
water) were mixed with the filtered PU solution. The final nano gold
concentration in the polymer was 43.5 ppm [45]. The plasma surface of
catheter coated with PU-Au was grafted by air plasma equipment. The
plasma equipment used was an open air plasma system developed by
Plasmatreat. The apparatus included a power generator, a transformer of
high voltage power supply and a rotating nozzle. The operating platform
was designed and assembled by the San Fan Machinery Company. The
plasma source was compressed dried air (21% oxygen and 79% nitrogen).
Air plasma was ejected from a rotating nozzle. The temperature of the
plasma at the exit of nozzle was 65 °C. The pressure and power of the air
plasma as well as the distance and scan speed of the plasma nozzle were
among the parameters that could be adjusted. For the current experiment,
parameters were optimized as follows. The air pressure was 2.5 kg cm™.
The plasma power was set at 1000 W. The substrate was placed at a
distance of 10 mm from the nozzle. The scan speed of the nozzle was 15

m min™. Immediately after the plasma treatment, the substrates were
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immersed in PU solution containing an extra 43.5 ppm of Au at 37 °C for
1 hr. The substrates were then rinsed with distilled water, washed
extensively in an ultrasonic bath for 30 min, air-dried and stored in a

desiccator.

14. Cell seeding and maintenance of materials in vitro

First, cells (1x10°cells/ml) were suspended in 1 ml culture medium
and label with Quantum Dot (10nM), a fluorescent dye that bind the cell
membrane, at a concentration of 10 nM. PU-Au materials with cells were
rolled into catheter with the 3D shaker at 20 rpm/min speed for 48 hrs.
After rolling, materials were checked for their attachment ability under
fluorescence microscopy before implantation. Before implantation, the
cells-seeded materials were cultured in medium supplemented with 10%
FBS, human VEGF (10 ng/ml) for 1 week in humidified air with 5% CO,
at 37 °C.

15. Implantation of cell-seeded materials

Female New Zealand White rabbits (2.5 to 3 kg) were used in all
experiments. All materials (1x10° cells per material) were implanted into
the femoral artery of rabbit. Three experimental groups were studied for
cells implantation with: (i) treatment with catheter (ii) PU-Au coated with
catheter, (iii) PU-Au plus cells coated with catheter. Cells-seeded vascular
catheters were implanted into the femoral arteries of rabbit. All tissue
constructs were harvested at 4 weeks after implantation for analyses. The
adult rabbit were anesthetized with intramuscular injection of ketamine
(30 mg/kg) and intravenous injection of pentobarbital (30 mg/kg) and

ventilated with a mixture of O,, N, and isoflurane during the operation.
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The femoral artery was exposed and the surrounding tissues were
dissected from the artery. After heparin (100 unit/kg) was given
intravenously, the proximal and distal portions of the femoral artery were
clamped. The femoral artery was clamped and ligated, and the graft was
placed end to-end and sutured with 10-0 interrupted stitches. A 40 mm
length of the femoral artery was dissected, and the vessel was washed
with a heparin solution and transplanted with the vascular grafts (catheter)
using a 22 GAl. No anti-coagulants or anti-platelets were administered
post-operatively. All animals received humane care in compliance with
the “Guide for the Care and Use of Laboratory Animals” published by
the National Institutes of Health. The graft was removed by ligation of

native femoral artery directly adjacent to the suture locations.

16. Histological and immunohistochemical examination

We took 3 sites sample from each implanted grafts for further
analysis, the distal part, proximal part and the middle part. The distal and
proximal part included the interface between the engineered tissue and
native tissue. Segments of the blood vessels harvested 4 weeks after
implantation were fixed in 10% buffered formaldehyde solution,
dehydrated with a graded ethanol series, and embedded in paraffin. The
specimens were cut into 4 mm-thick sections and stained with
hematoxylin and eosin (H&E). Immunohistochemical staining was used
to analyze the sections with the following primary antibodies: CD31, and
CD34 along with FITC-l1gG secondary antibody and double confirmed
following staining with 3, 3'-Diaminobenzidine (DAB). Native femoral
artery from rabbits served as positive controls for all stains.
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Immunohistochemistry images were captured with a fluorescence

microscope.
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Results

1. Preparation and surface characterization of PU and the PU-Au

nanocomposites films

The preparation of PU-Au nanocomposites (PU-Au) was represented
in Fig 1 A. The AFM surface topography and phase diagrams of PU and
PU-Au 43.5 ppm was shown in Fig 1B. Comparing topography and phase
diagrams, the darker area in topography corresponded to the brighter area
in phase, i.e. the hard domains appeared to descend slightly. The presence
of Au at concentration of 43.5 ppm induced a significant change in
surface morphology from hard-segment lamellae of soft micells was
caused by the different state of phase separation on the material surface
[60].

2. Characterization of Wharton’s jelly stem cells (WJCs)

The predominant morphology of WJCs used in this study was
similar fibroblast-like in shape (Fig 2A). WJCs could be culture for over
20 passages, without spontaneous differentiation. As shows a
representative WJCs preparation with uniform positive expression of
CD29 (88.2 %), CD44 (94.34 %), CD73 (94.41 %), CD90 (96.64 %) and
CD105 (95.59 %) and negative expression of CD14 (20.98 %), CD34
(0.01 %) and CD45 (0.02 %) by using flow cytometery analysis as shown

in Fig 2B. Similar results were obtained in all other experiments [40].

3. PU-Au enhanced the migration ability of WJCs
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The migration ability of stem cells plays a critical role in vascular
regeneration [24]. Stem cells migration requires the cross-talk between
molecular signaling cascades, which has been shown to be mainly the
vascular endothelial growth factor (VEGF) [48] and stromal-derived
factor-1 (SDF-1) [50] signal pathway. As FAK phosphorylation is
involved in cell focal adhesion and migration through integrin activation
[57]. Based on these reports, we further explore whether PU-Au could
induced integrin/FAK activation was modulated by VEGF or SDF-1
during the migration event. Additionally, both VEGF and SDF-1 can
significantly promote the p-FAK protein expression level (Fig 3). Beside,
the induction of p-FAK expression level after treatment with VEGF was
more significantly enhancement than that after SDF-1 treatment. As FAK
phosphorylation is involved in cell adhesion and migration through
integrin, we also observed whether PU-Au could promote FAK activation
during WJCs migration. FAK can modulate cell migration through the
Rho GTPases, and leading to direction cell movement [57]. As shown in
Fig 4, WJCs expressed p-RhoA and p-Rac/Cdc42 proteins on PU-Au was
more prominently than on PU. These suggested that the
FAK/RhoA/Rac/Cdc42 signaling pathway may be involved cell migration
of WJCs on PU-Au. The possible role of PI3K/Akt activation in the
eNOS protein expression induced by PU-Au was observed in our
previous study [59]. After cultured WJCs on PU-Au, the expression of
both p-Akt and p-eNOS by PU-Au were significantly reduced (Fig 4).
This result was not consistent to our previous on ECs, it was indicate that
the PI3K/Akt/eNOS pathway may not be involved by PU-Au in WJCs.
Based on these finding, it was suggested that PU-Au may be induced a
more prominent migration event via the NO-independent pathway in
WJCs. The extracellular matrix (ECM) facilitate cell to migration were

matrix metalloproteinase (MMPs) and play a major role in angiogenesis
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or chemotaxis [58]. The adhered WJCs expressed readily detectable
MMP-2 and MMP-9 protein expression on PU-Au, but this observation

was not as evident for PU control group (Fig 5).

4. CXCR4 and a5p3 are activated by angiogenic factors on PU-Au.

Integrin were critical for cell adhesion and angiogenesis between
cells and extracellular matrix [50]. The effect of PU-Au of a5B3 and
CXCR4 in WICs was further investigated by flow cytometry assay and
immunofluorescence. The a5B3 and CXCR4 integrins activation for
WJCs was highest on PU-Au, followed on PU, and lowest on TCPS after
48 hr incubation as depicted in Fig 6. Meanwhile, after treatment with
VEGF or SDF-1, the inductions of both o583 and CXCR4 integrins by
PU-Au were markedly enhanced. As evident from Fig 7 (at 8 hrs and 48
hrs), PU-Au was promoted the more homogenous co-localization of a533
(red color) and CXCR4 (green color) integrins expression in the
cytoplasma, followed by PU and TCPS. The a5B3/CXCR4 integrins
expression was possibility correlated with the FAK signaling in WJCs.
The expression of CXCR4 and o533 integrins was significantly enhanced
by VEGF of WJCs after 8 hrs treatment (Fig 7). Interestingly on PU-Au,
the expressed of CXCR4 and o5p3 integrins were more prominently after
SDF-1 treatment than with VEGF treatment for 48 hrs. Together these
finding, we found that VEGF to be as a critical upstream molecular in the
regulation of WJCs migration function after cultured on PU-Au

nanocomposites.
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5. Number of CD34" cells in the peripheral blood mononuclear cells.

PBMNCs were obtained from young healthy adults and the
percentage of CD34" cells in the PBMNCs were determined by flow
cytometry after MultiSort separation procedure. The flow cytometry
showed about 1.09% of PBMNCs expressed CD34" and G-mean
fluorescence intensity of CD34" was 367.29 whereas the PBMNCs was
56.10 (Fig 8).

6. Characterization of CD34" endothelial progenitor cells.

At 1, 7, and 14 days of incubation, the morphology of EPCs was
visualized by microscopy. The defined cells morphology exhibited as a
central core of round cells in dayl and exhibited with elongated cells at
the periphery was shown from the day 7 to day 14 (Fig 9A). Indeed, cells
were also identified by staining for endothelial lineage markers as shown
in Fig 9B. The endothelial cells phenotype was characterized by
Immunostaining with antibodies specific for endothelial markers (VWF

and eNOS) at day 21.

7. Maturation of EPCs by SDF-1 stimulated on PU-Au

The CD31, VEGF-R2, and CD34 are all known to crucial important
role in angiogenesis [18]. Thus, we investigated whether the effect of
PU-Au on these surface markers of EPCs is mediated via the

chemoattract effect of SDF-1. The CD31 and VEGF-R2 surface markers
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expression level of EPCs significantly enhanced by PU-Au. Indeed, a
slightly activation of CD34 expression also has been observed (Fig 10A).
Furthermore, we pretreated cells with CXCR4 neutralizing antibody and
AMD3100 (10 nM) (an inhibitor of CXCR4) 1 hr before PU-Au
treatment. It was found that CD34 expression level was abolished by

these inhibitor treatments after the cells cultured on PU-Au (Fig 10B).

8. PU-Au nanocomposites promote vascularization in damage vessel

tissue.

The EPCs-seeded materials of rabbit femoral artery divided in 3
groups (catheter treated, PU-Au with catheter, PU-Au plus EPCs with
catheter). To clarify the repairing capacity of long-term biomimetic
remodeling of cellular vascular grafts coated with EPCs on PU-Au
nanocomosites, we furthermore performed long-term experiments to
examine the vascular lumen of cellular grafts. Because thrombosis is the
major high risk factor of vascular grafts, especially for small diameter of
vascular, we carried out more detailed analysis on platelet adhesion and
thromous formation. HE staining assay revealed that a cellular graft (with
control group) had significant amounts of platelet aggregation after 28
day implantation (Fig 11). However, the EPCs grafts exhibited very little
platelet aggregation on the lumen surface, which coated with the PU-Au
nanocomposites, followed by PU-Au (without implantation of EPCs)
treatment group. Cross-section staining showed thrombus formation on
the luminal surface of a cellular grafts (with treatment) but not of
EPC-implantated grafts. Platelet aggregation and thrombus are an index
of host response to foreign-body biomaterials; our results demonstrated

that when seeded EPCs with PU-Au nanocomposites could have better
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antithrombogenic capacity. Consistently, the results at 1 month significant
intimal thickening in acellular grafts but not in EPCs-seeded grafts (Fig.
11). It is conceivable that the long-term patency of EPCs-seeded vascular
grafts (coated with PU-Au nanocomposites) was mainly because of the
antithrombogenic property of EPCs in the early phase.

Immunohistochemical examination of vascular graft coated with
PU-Au nancomposites afterl month post-implantation of EPCs showed
regeneration of vascular tissues of the artery on endothelial layer.
Immunohistochemical analysis showed that cells on the luminal sides
(endothelial layer) of the vascular grafts stained significantly stained
positively expression for CD31 and CD34, further indicating the
endothelium regeneration (Figs 12A and 12B).
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Discussion

Cardiovascular tissue engineering introduced the prospect of a
completely biological, living, and autologous blood vessel produced in
vitro to fill the critical need for functional small diameter vascular grafts
[7]. It was observed in our previous report that the surface morphology of
the HDI-based PU was significantly modified by the existence of a small
amount of gold nanoparticles [45]. The surface morphology of the PU
and PU-Au nanocomposites showed dominantly hard segment micelles
embedded in a soft-segment-rich matrix. The change in the diameter
(from 93 to 22 nm) of the hard segment micelles upon addition of the
gold nanoparticles actually played an important role in the cellular
response to these nanocomposites. Therefore, we believed the increased
cell migration was not a result of the quantity of gold but the quality of
gold that can modify the two-phase morphology. It has been reported that
in ECs, PI3K/Akt and FAK signaling could be activated by material
nanotopography [59]. These molecular signaling between cells and
nanomaterials can cause actin fibers and lamellopidia formation, leading
to cell motibility. However, the effect of nanocomposites on the behavior
of stem cells has less studied.

MSCs have been reported to play an important role in vascularization
and angiogenesis [33], and also have been used in the construction of
tissue-engineered blood vessels [64]. The functions of MSCs are not only
due to its potential to differentiate into endothelial cells, but also depend
on the paracrine effects, including enhanced survival of implanted MSCs,
mobilization and migration of stem cells, which contribute to the repair of
vascular. MSCs secreted numerous cytokines including VEGF, SDF-1,
bFGF, IGF-1 and HGF [27]. These paracrine factors, especially VEGF

and SDF-1, are important maintaining or improving vascular tissue
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repairing.

Previous studies demonstrate that overexpression of SDF-1 in the
vascular provides a cue for stem cells to mobilize and home into the
damaged vascular tissue [50]. Consequently, interactions between SDF-1
and CXCR4 contribute to ischemic tissue repair [51]. Mobilization from
the bone marrow can increase the local number of MSCs, VEGF or
SDF-1 can mobilize MSCs to promote the formation of new blood
vessels [52]. We found that PU-Au induced MSC co-stimulation with
growth factors, i.e. VEGF and SDF-1 and expressed its surface receptors,
I.e. CXCR4 and a5B3 on PU-Au represent an important mechanism
directing MSC-mediated repair of vascular tissue (Fig 7). Our results
showed that PU-Au can improve the adhesion effectively of WJCs (Fig 6).
In particular, it can significantly enhance the mobilization function of
VEGF and SDF-1, indicating that PU-Au can promote WJCs proliferation
alone and in synergy with VEGF or SDF-1. As a result, the specific
mechanisms of cross-talk between the vascular tissue in WJCs
mobilization deserve further study.

Cell attachment is the single most important factor during
cell-implant interactions [23], and is critical in determining the initial
success of a bioengineered implant. The biological activity of the
immobilized VEGF plays a dominant role during neovascularization of
an implant in vivo and endothelial cells will come into direct contact with
the implant surface [27]. Our previously report indicated that PI3K/Akt
and FAK has a marked effect on the ability of endothelial cells to involve
migration event [59]. In particular, endothelial cell chemotaxis is linked
to the production of proteolytic enzymes (i.e., metalloproteinases) and
phosphorylation of fast signaling as FAK [65]. At the same time,
endothelial cell survival, adhesion and migration correlate with proper

expression and organization of the adhesion on biomaterials. We next
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explored on evaluating the effects and bioactivity of the VEGF and
SDF-1 immobilized on the PU-Au coated substrate. In this study, we also
intend explore this more detail and further identify in the signaling
pathway by which PU-Au cause adhesion and migration during the
cardiovascular regeneration process in the presence of Au nanoparticle of
WJCs. As shown in this work, PU-Au induced greater FAK expression
intensity after 48 hrs of incubation (Fig 3). It is suppose that the levels of
p-FAK may be more relevant to functions such as regulation of gene
expression and cell migration effect. To explore the molecular
mechanism by which MMP proteins activity was induced for WJCs on
PU-Au, the expression of MMP-2 and MMP-9 was also induced after a
co-treatment of PU-Au with VEGF or SDF-1, respectively in Fig 5. Thus,
additional protein components of cell-cell interaction may be affected by
signals triggered by FAK.

eNOS plays an essential role in endothelial cell proliferation and is a
central mediator of several endothelium growth stimulators, such as
VEGF [19]. Recent studies have been shown that paracrine release of
SDF-1 by Akt in MSCs promotes vascular repair [51]. VEGF has been
reported to stimulate PI3K/Akt expression in endothelial cells [52]. This
strategy might become a novel chemokine therapy for next generation
therapeutic neovascularization [47-48]. Migration of EPCs was mediated
by SDF-1/CXCR4 via PI3K/Akt/eNOS signal transduction pathway [52].
Nevertheless, these data suggest that the increased expression and
function of VEGF with subsequent activation of Akt and eNOS were
involved, at least in part, in the mechanisms by which SDF-1a enhanced
ischemia-induced neovascularization. Akt signaling appears to be critical
for VEGF-induced postnatal angiogenesis [52]. Interesting, we found that
PU-Au attenuated Akt/eNOS phosphorylation in WJCs after containment

treated with SDF-1 or VEGF (Fig 4). It was suggested that PI3K/Akt
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signaling may not play as a crucial role as PI3K/Akt signaling in
promoting WJCs migration on PU-Au.

Tissue engineered vascular conduits need to have the mechanical
and biological properties of arteries in order to have superior patency
rates. The conduits need to be non-thrombogenic and need to simulate
arteries. The capacity of PBMNCs derived EPCs has important
implications in the repair of vascular tissue. Reports also suggested that
EPCs are derived from PBMNCs and that accumulate at sites of
angiogenesis [62]. These studies support the notion that EPCs could be a
cell source for ECs and would be an ideal cell source for tissue
engineering of autologous vascular grafts [16]. An ideal strategy is to
prepare a material which is inherently nonthrombogenic, compliant and
has the ability to promote endothelialization from EPCs directly from the
blood [16]. So far, anti-thrombotic modifications of the intima of vascular
grafts can inhibit thrombosis, but these anticoagulant effects are
temporary, and vascular grafts are meant to last for the life of the patient
[11]. Since EPCs play important roles in thrombosis, endothelialization of
the vascular graft is the most effective way to deal with thrombosis and
intima hyperplasia [13]. Based on our current research, we took
peripheral mononuclear cells and isolated the EPCs from the monocytes
by changing the culture medium after the first day. Using a combination
of surface marker discrimination and adhesion-based EPCs isolation, we
developed a new PU-Au nanocompsites to explore the vascular tissue
research.

During the implantation of vascular stents, percutaneous transluminal
coronary angioplasty (PTCA) tends to damage the vascular endothelium
[8]. If EPCs can be mobilized from bone marrow to peripheral blood,
homing to the damages site will repair the injured blood vessel [13].

Based on these finding, it was suggested that PU-Au can promote EPCs
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mobilization and homing to promote endothelium of vascular graft. To
test this concept, we prepared a “commercial catheter”, coated PU-Au
nanocomposites on the surface and seed EPCs on the “vascular graft”,
and then transplanted the vascular graft in the rabbit femoral artery model
(Fig 11).

The present results showed that the degree of endothelialization in
PU-Au seeded with EPCs was significantly higher than the control
vascular graft, consistent with the conclusion that PU-Au promotes CD34
and CD31 expression level of EPCs in vivo (Fig 12). Our results
demonstrate that PU-Au nanocomposites allow the remodeling of
vascular tissue in EPCs, similar to that the native vascular tissue. The
effect of the antithrombogenic property of EPCs has also observed in this
study (Fig 11). In this study we showed that the PU-Au nanocomoposites
coated with the catheter allowed efficient promote endothelialization and
that EPCs remodeling into lumen in the vascular wall, as in the native
wall (Fig 11). The combination of antithrombic and implantation EPCs
into PU-Au nanocomposites is a promising approach to fabricate ideal
vascular grafts (allogenetic or autologus) that may be offer a new way for
applied clinical setting. Although PU-Au had significantly induced of
CD34 surface markers expression has been found in this study (Fig 12B),
however, it is still not obvious how much EPCs to the cell recruitment
process from the host tissue. One important observation is the CD34
surface markers of vascular graft was continuous present in the vascular
wall after 1 month implantation with PU-Au nanocomopsites. The
relative contribution to endothelialization by the surrounding vascular and
the circulating EPCs needs further investigation.

Given the EPCs from the vascular niche for endothelial cell
differentiation and that vascular grafts are compatible with host vascular

tissue in circulation. It was suggested that PU-Au nanocomposites can be
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a good model system for implantation of EPCs and to promote the
endothelialization capacity after vascular graft implantation. Besides, our
data also demonstrate that the antithrombosis property of EPCs depends
on PU-Au nanocomposites, which provides a novel strategy for the
approach  of modifying vascular graft with anti-platelet
adhesion/aggregation effects. The use of EPCs which was isolation
from PBMNCs to construct vascular graft by PU-Au nanocomposites
could be a new insight for vascular tissue engineering. However, besides
having an antithrombogenic effect on EPCs on PU-Au nanocomposites,
EPCs could participate in other vascular repairing processes at the
postimplantation, such as paracrine signaling (ex: SDF-1a/CXCR4) or
ECM remodeling, which also warrants further studies.

Noteworthy, administration of EPCs into subjects with vascular
disease has had lower proliferative efficacy with regard new vessel
formation, which limited their clinical application. To solve this problem,
how to seek for other sources of hemoatopoietic stem cells for the better
proliferative property will be worth exploration in the further. This is also
supported by the significantly up-regulated expression of CD34 surface
marker by PU-Au nanocomposites both in vitro (Fig 10) and in vivo (Fig
12). Therefore, implantation of EPCs with PU-Au nanocomposites was
shown to enhance in vivo endothelialization and the subsequent
expression the CD34 marker in vascular damaged model. We further
show that the CD34 surface marker of EPCs from PBMNCs can
efficiency significantly induced by PU-Au nanocomposites under in vivo
condition. The potential of CD34 surface marker to access recruit
circulation EPCs from the host tissue and to differentiate into endothelial
cells could be greatly beneficial for wvascular tissue engineering
application.

In this study, we propose to elucidate the specific angiogenic
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processes downstream of VEGF/SDF-1 receptor activated by PU-Au in
the WJCs, and further to explore how critical role played by angiogenesis
in the whole process. We believe our findings will provide new insights
into the development of more effective cell therapy strategies directed at
angiogenic processes for restoring vascular function. Therefore, strategies
aimed to apply PU-Au to amplify VEGF/SDF-1 signaling could
significantly promote angiogenic cell mobilization and vascularization in
stem cell-based therapies. The molecular mechanism behind the enhanced
endothelialization by such combination requires further exploration.

The use of more abundant PBMNCs (ex: CD14" cells), could may
offer other way to overcome limitation in cell number of EPCs. Because
EPCs express functional SDF-1a/CXCR4 and interaction between eNOS
and VEGF signaling pathway, it may form a positive-feedback loop to
further enhance therapeutic neovascularization in vivo. The present study
might have significant clinical implications in that induced CD34 surface
markers by PU-Au nanocomposites has therapeutic potential for

enhancing ischemia-induced neovascualrization.
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Figure 1: (A) Preparation of polyurethane (PU) and PU nanocomposites
containing 43.5 ppm of gold nanoparticles (PU-Au) films. (B) The AFM
images of topography (upper) and phase (below) for pure PU (a) (c); and

PU-Au nanocomposites (b) (d).
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Figure 2
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Figure 2: Characterization of WJCs. (A) Cell morphology of WJCs by
optical microscope. (B) Detection of WJCs specific markers expression
by flow cytometry analysis. An open area represents an antibody isotype
control for background fluorescence and a shaded area shows signal from
WIJCs surface marker. WJCs were stained with PE or FITC-conjugated
antibodies against the indicated markers: CD14-FITC, CD29-PE,
CD34-FITC, CD44-FITC, CDA45-PE, CD73-PE, CD90-FITC and

CD105-PE.
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Figure 3
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Figure 3: FAK phosphorylation of WJCs on nanocomposites was
activated by angiogenic factor. WJCs were cultured on PU or PU-Au, and
stimulated with VEGF and SDF-1 for 48 hrs. Cell lysates were collected
and analyzed by Western Blot. Data are mean £ SD. *: greater than PU

(without treated); #: greater than PU-Au (without treated).
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Figure 4
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Figure 4: The expressions of (A) Rho A, Cdc42, Akt, eNOS protein of
WICs cultured for 48 hrs by VEGF or SDF-1 stimulated on
nanocomposites. WJCs were cultured on TCPS, PU and PU-Au, and
stimulated with VEGF and SDF-1 for 48 hrs. Cell lysates were collected
and analyzed by Western blot. (B) Columns, mean of three separate
experiments. Data are mean £ SD. * p < 0.05: greater than TCPS (without

treated), # p < 0.05: greater than PU (without treated).
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Figure 5
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Figure 5: The MMP enzymatic activity in WJCs cultured on
nanocomposites for 48 hrs. Cell lysates were collected and analyzed by
MMP Gelatin Zymography. Data are mean £ SD. * p < 0.05: greater than
TCPS.
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Figure 6
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Figure 6: FACS analysis of CXCR4 and o533 integrin of WJCs with or
without VEGF and SDF-1 treatment. WJCs were seeded on PU or PU-Au,
and cultured with VEGF and SDF-1 for 48 hrs. CXCR4 or o533 integrin
were induction on PU-Au after VEGF and SDF-1 treatment compared to
PU. A shaded area represents an antibody isotype control for background
fluorescence and an open area shows CXCR4 and a5B3 integrin

expression.
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Figure 7
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Figure 7: Immunofluorescence staining of CXCR4 and o533 integrin of
WJCs with or without VEGF and SDF-1 treatment. WJCs were seeded on
PU or PU-Au, and stimulated with VEGF or SDF-1 for 8 (A) or 48 (B)
hrs. Cells were incubated with primary anti-CXCR4 and anti-a5p3
antibodies followed by stained with FITC-conjugated immunoglobulin
(green color fluorescence) or Cyc 5.5-conjugated immunoglobulin (red
color fluorescence), cell nuclear staining was performed by 4/,
6'-diamidino-2-phenylindole (DAPI) (blue color staining) (indicated by
thin arrows). The merge of CXCR4, o5B3 and nuclei were shown.

Bar=20 pm.
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Figure 8
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Figure 8: (A) Number of CD34" cells and (B) FACS analysis of CD34
after MultiSort separation procedure. A small proportion (1-2%) of
PBMNC expressed CD34 determined by fluorescence-activated cell
sorter (FACS) analysis.
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Figure 9
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Figure 9: (A) Phase-contrast micrograph of endothelial progenitor cells
(EPCs) morphology after cultured with fibronectin. (B) The endothelial
phenotype was confirmed by immunostaining with antibodies specific for
endothelial markers, eNOS; cell membrane and on cells border to border
(arrow); VWF contained within cytoplasmic granule (arrow);
representative control sections where nuclear staining alone is visible. All
cells were counterstained with DAPI showing the nucleus as blue. (FITC:
green color; cyc5.5: red color; DAPI: blue color) (day 1 and day 21).
Bar=50 um.
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Figure 10
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Figure 10: (A) Induction of CD31, VEGF-R2 and CD31 expression of
EPCs with or without SDF-1 (100 ng/ml) treatment on TCPS, PU and
PU-Au. (B) Flow cytometry analysis showed that CD34 surface marker
expression increased in PU-Au for day 7 and day 14, whereas
pretreatment with AMD3100 (10 nM) (an inhibitor of CXCR4) and
CXCR4 neutralizating antibody with among the positively stained surface
markers of the clusters. Data are mean t+ SD.
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Figure 11

Control

Figure 11: Anti-thrombogenic property after 28 days for EPCs
implantation on PU-Au nanocomposites vascular graft in vivo. The
samples were stained with Hematoxylin/eosin (H&E). Images are
representative from at least four independent groups (indicated by thin
arrows). Bar=100 um.
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Figure 12
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Figure 12: PU-Au nanocomposites promoted ECPs to differentiate into
ECs after repairing rabbit femoral artery injured by wire. EPCs were
incubated with PU-Au or not for 48 hrs and implantation into injured
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artery. The injured artery were separated from rabbit and
Immunostainined with anti-CD31 antibody and CD34 antibody, cells
followed by stained with (A) 3,3-Diaminobenzidine (DAB) and stained
with (B) FITC-conjugated immunoglobulin (green color fluorescence),
cell nuclear staining was performed by 4', 6'-diamidino-2-phenylindole
(DAPI) (blue color staining) (indicated by thin arrows). (A) Bar=100 um.
(B) Bar=25 um.
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Abstract

Recently we have developed a series of fibronectin-gold
nanocomposites (FN-Au) as a model system to study the behavior of
Wharton’s jelly stem cells (WJCs) on biomaterials with nanophase
separation. The structure and biology function of the FN-Au were
characterized by AFM, ATR-IR analysis biocompatibility assay. FN-Au
nanocomposites had a different surface morphology from FN, especially
of FN-Au 435 ppm. The FN-Au 435 ppm showed promoted
biocompatibility (i.e. cell proliferation) and reduced monocyte activation,
platelet activation and oxidative stress, compared with the original FN or
other FN-Au nanocomposites. Two different growth factors, i.e. vascular
endothelial growth factor (VEGF) and stromal-derived factor-1 (SDF-1)
were used to elucidate the respective contribution. The better cell
proliferation and migration effect on the more phase-separated FN-Au
43.5 ppm than on the less phase-separated control (FN, FN-Au 17.4 and
FN-Au 174 ppm) after cells were concomitantly treated with VEGF (50
ng/ml) or SDF-1 (50 ng/ml) was observed. Indeed, the enhancement in
the migration event for WJCs transfected with CXCR4 siRNA was more
prominent reduced for cells on FN-Au 43.5 ppm. Our findings suggested
that the VEGF/CXCR4 pathway may be induced by nanophase-separated
FN-Au nanocomposites in  WICs and promote  their
proliferation/migration effect, and that the crosstalk between
PI3K/Akt/eNOS signaling pathway and MMP-9 activation may have

caused a greater effect in WJCs.
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Introduction

1. Fibronectin

Fibronectin (FN) is a well studied glycoprotein of the extracellular
matrix (ECM), and it is found in connective tissue throughout the body in
humans and in blood plasma [1]. FN is also expressed as a membrane
glycoprotein in some cells, and FN-like domains are found in large
glycoprotein complexes in the ECM, such as tenascin. FN can be found in
monomeric and dimeric forms ranging in size from 146,000 to 450,000
Da [2]. Being a major extracellular connective tissue component,
fibronectin is distributed extensively on basement membranes [3]. FN
exists in two main forms: 1) as an insoluble glycoprotein dimer that
serves as a linker in the ECM, and; 2) as a soluble disulphide linked
dimer found in the plasma [4]. The plasma form is synthesized by
hepatocytes, and the ECM form is made by fibroblasts, chondrocytes,
endothelial cells, macrophages, as well as certain epithelial cells [5]. FN
sometimes serves as a general cell adhesion molecule by anchoring cells
to collagen or proteoglycan substrates. It also can serve to organize
cellular interaction with the ECM by binding to different components of
the extracellular matrix and to membrane-bound FN receptors on cell
surfaces [6]. The importance of FN in cell migration events during
embryogenesis has been documented in several contexts, e.g.: 1)
mesodermal cell migration during gastrulation can be blocked by
injection of Arg-Gly-Asp (RGD) tripeptides that block cellular FN

receptors (integrins) [7]; 2) injection of anti-FN antibodies into chick
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embryos blocks migration of precardiac cells to the embryonic midline
[8], and; 3) the patterns of FN deposition in developing vertebrate limbs
determines the patterns of precartilage cell adhesion to the ECM, thereby

specifying limb-specific patterns of chondrogenesis [9].

2. Nanotopographical Cues

The ECM presents an abundance of macromolecules with feature
sizes at the nanometer scale. For example, fibronectin, the most abundant
ECM macromolecule, exhibit dimensions among the nanoscale regime,
with single fibronectin monomers approximately 25 nm in width and 5
nm in diameter [10] and self-assembled fibrillar structures extending
several micrometers in length and hundreds of nanometers in diameter
[11]. Cells interact with these nanometer-sized molecular structures
[12-13] via contact guidance, the widely known principle that cellular
behavior and function is influenced by physical topography [14]. This is
thought to occur through the reorganization of membrane-bound
integrins, initiating the alteration of the cytoskeleton and modulating the
formation of associated focal adhesion proteins that ultimately activate
specific signaling cascades, thereby inducing such cellular events as
adhesion, proliferation, migration, and differentiation [15-17]. It is well
known that cells receive instructive cues from their topographical
environment [18]; with the progress of micro- and nanotechnology, many
studies have investigated specific cellular behavior in response to
engineered micro- and nanoscale substrates [19-20] and have

demonstrated that topographical geometry and dimension clearly
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correlate with cellular response [21]. 2D patterned cues have been
fabricated in the nanoscale regime, and have demonstrated a profound
effect on cellular response, including adhesion [22-23], motility [24], and
stem cell function [25]. Although there have been recent advances in
nanopatterning techniques and complexities, these designs have yet to be
utilized to study stem cell differentiation [26]. One important factor to
consider is that tissue development occurs in a transient environment with
bidirectional signaling between cells and their ECM [27]. However, many
of the scaffolds developed so far may not be conducive to incorporating
this dynamic behavior to truly mimic the extracellular environment [28].
Cell behavior is constantly governed by instructive biochemical and
biophysical cues from the ECM; likewise, cells are continuously
remodeling the ECM. Furthermore, the ECM is variable across different
cell types [29], and synthetic environments should be individually

constructed with distinct cell lineages in mind.

(a) ' a-acinin ' (b)

substrate ~ substrate

O Au nanoparticle . RGD-thiol J& integrin I cell membrane

Nano Lett 2009; 9: 1111-6.
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3. Roles of FN in diseases

Vascular remodeling due to hemodynamic changes or vessel injury
causes changes in the architecture of blood vessels and is associated with
coronary artery disease and atherosclerosis. Repair of injured cardiac
tissue after a myocardial infarct is a regulated process in which plasma
FN and fibrinogen play an important role in establishing the provisional
matrix after the inflammatory phase [30]. In humans, administration of a
naturally occurring peptide that blocks fibrin's interaction with vascular
endothelial cadherin did not affect infarct size, but reduced area of
necrosis as described in ref [30]. Vascular remodeling causes changes in
the media/lumen ratio of vessels as well as alterations in matrix synthesis,
cell proliferation, and apoptosis [31]. Periadventitial administration
of functional upstream domain to mice after partial ligation of the left
internal and external carotid arteries resulted in decreased measures of
post-stenotic vascular remodeling including intima-media thickness and
FN and collagen deposition [32]. This implicates FN in the extracellular

matrix as a key pathologic process in vascular pathophysiology.

4. Cell migration

Cell migration is an extensively studied process that depends on
several dynamic actin assemblies. The protrusive structures at the leading
edge of a motile cell are called lamellipodia and filopodia [33]. A
lamellipodium is a thin (0.1~0.2 pum) sheet-like protrusion that is filled

with a branched network of actin. By contrast, filopodia are thin (0.1~0.3
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um), finger-like structures that are filled with tight parallel bundles of
filamentous (F)-actin. In both cases, the fast-growing barbed ends of actin
filaments are orientated towards the plasma membrane. The elongation of
these filaments pushes the leading edge forward, and thus promotes cell

migration or extension [34].

l Filopodium

“ ¥
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Microvillus
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MSCs mobilization from bone marrow enables migration to
peripheral blood and homing to peripheral tissues. This process is tightly
controlled by specialized signals [35]. Chemoattractant cytokines, growth
factors, and hormones are modulators that control the egress of HSPCs
from BM [36]. Particularly, the SDF-1 (CXCL-12)/CXCR4 axis plays a
pivotal role for MSCs positioning in the BM compartment [37].
Abrogation of SDF-1/CXCR4 mediated cell signaling results in rapid
mobilization of MSCs from BM niches [38]. SDF-1 also mediates a

variety of other cellular functions such as engraftment in peripheral

69



tissues.

5. Angiogenesis

Angiogenesis is a complex multi-step process that follows a
characteristic sequence of events mediated and controlled by growth
factors, cellular receptors and adhesion molecules [39-40]. In this process,
five phases can be distinguished: (1) endothelial cell activation, (2)
basement membrane degradation, (3) endothelial cell migration, (4)
vessel formation, and (5) angiogenic remodeling [41]. The activation of
pre-existing quiescent vessels can be triggered by hypoxia. Hypoxia
induces the expression of hypoxia inducible factor (HIF), which binds to
the hypoxic response element. As a result, the expression of hypoxia
inducible genes, such as vascular endothelial growth factor (VEGF),
platelet derived growth factor (PDGF), transforming growth factor (TGF)
iIs induced [41]. Activated endothelial cells express the dimeric
transmembrane integrin a5p3, which interacts with extracellular matrix
proteins (vitronectin, tenascin, fibronectin) and regulates migration of the
endothelial cell through the extracellular matrix during vessel formation
[42-43]. The activated endothelial cells synthesize proteolytic enzymes,
such as matrix metalloproteinases (MMPs), used to degrade the basement
membrane and the extracellular matrix [44]. Initially, endothelial cells
assemble as solid cords. Subsequently, the inner layer of endothelial cells
undergoes apoptosis leading to the formation of the vessel lumen. Finally
this primary, immature vasculature undergoes extensive remodeling

during which the vessels are stabilized by pericytes and smooth muscle
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cells [44].

6. Chemokines

Chemokines are small (8-10 kDa) proteins able to chemically attract
lymphocytes, neutrophils and other immune cell types to the sites of
inflammation. Several families of chemokines and their receptors exist,
each with different characteristics and abilities. Activation by chemokines
IS an important step during recruitment of a reasonable number of stem
cells or progenitor cells to the ischemic tissue. The chemokine SDF-1 is
expressed on osteoblasts and endothelial cells and the interaction with
CXCR4 is thought to regulate trafficking of hematopoietic stem cell
(HSCs) in the bone marrow [45]. In the perivascular niche, sinusoidal
reticular cells express high levels of SDF-1 and were found to be in close
contact with HSCs [46]. Interestingly, these SDF-1 expressing reticular
cells were also located at the endosteal niche. The fact that HSCs express
the receptor CXCR4 [47] suggests that the SDF-1/CXCR4 system would
be crucial for the modulation of activation or quiescence of the HSC
niche in bone marrow. Furthermore, ischemia-induced VEGF acts as a
chemoattractant to endothelial progenitor cells (EPCs) [48]. Interestingly,
VEGF is sufficient to induce the organ recruitment of bone marrow
derived circulating myeloid cells and their perivascular localization via
induction of SDF-1 expression by perivascular myofibroblasts,
suggesting that different cytokines may cooperate during homing of bone
marrow cells [49]. Proteases are well established to be involved in

angiogenesis, in particular in migration of endothelial cells. Meanwhile
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growing evidence suggests that pericellular proteases play also an
important role in vasculogenesis. Extracellular proteases, such as MMPs
may affect neovascularization by degradation of the extracellular matrix
and cell surface receptors and activation, liberation and modification of
angiogenic growth factors [50]. Thus, the mobilization, recruitment and
invasion of stem and progenitor cells during vasculogenesis involve
proteolytic activity [51]. On the other hand, nitric oxide (NO) plays a
crucial role in progenitor cell function and the expression of endothelial
nitric oxide synthase (eNOS) is required for bone marrow-derived
mobilization of EPCs and eNOS '~ progenitor cells showed a reduced
homing capacity in ischemia models [51]. Thus, MMP and eNOS are
required for the basal, VEGF, and SDF-1 induced migration of EPCs or

bone marrow-derived progenitor cells in vitro and in vivo.
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Materials and Methods

1. Preparation of fibronectin-gold (FN-Au) nanocomposite films

FN-Au solutions were prepared by mixing fibronectin solution (1
mg/ml) with a certain amount of Au nanoparticles (containing 17.4 to 174
ppm of Au in the final weight). The mixture was stirred and covered on
the culture dish or 15 mm round glass coverslips to obtain the films of
fibronectin (denoted “FN”) or fibronectin-gold (denoted “FN-Au”)
nanocomposites. The thicker films surface morphology and microphase
separation were confirmed by atomic force microscopy and used in the
monocyte activation, oxidative stress, cell proliferation and cell

morphological experiments by biocompatibility test [52].

2. Surface characterization of FN and the FN-Au nanocomposites

The surface morphology was examined by the atomic force
microscope (AFM) equipped with a 100-mm piezoelectric scanner. The
Images were obtained in the tapping mode in air with a triangular
cantilever (force constant of 21-78 N/m) supporting anintegrated
pyramidal tip of SisN,. Topography and phase images were recorded
simultaneously. Phase images provide a sharp contrast of fine structural
features and emphasize differences in mechanical properties of different
sample components. Tapping mode AFM generates phase images with
dark features corresponding to regions of lower modulus (soft domains)

and bright features corresponding to regions of high modulus (hard
73



domains). The size (average diameter) of hard domains from phase
Images was obtained by image analysis using Image Pro Plus 4.5
software. The average diameter was calculated based on the average
length of diameters passing through the centroid of each hard domain.
The desorbed wavelength of FN and FN-Au solutions were measured by
a UV/IVS spectrophotometer. FN and FN-Au nanocomposites were also
chemically analyzed wusing a FTIR (fourier transform infrared
spectrometer). Each sample was scanned eight times in the spectral
region of 4004000 cm™ with a resolution setting of 2 cm™ and averaged

to produce each spectrum. [54]

3. Monocyte activation test

Human blood monocytes were isolated from the venous blood of
unmediated donors. Monocytes were isolated by density gradient
centrifugation using Percoll. Cell viability was determined by trypan blue
staining. Monocytes were suspended in a medium of DMEM containing

10% FBS and 1% (v/v) antibiotic (10,000 U/ml penicillin G and 10
mg/ml streptomycin) and the cell concentration was adjusted to 1x10°

cells/ml. The samples were sterilized by 70% ethanol for 30 min and
placed into the bottom of 24-well tissue culture plates. One milliliter of
the cell suspension was added to each well and allowed to adhere for 96
hrs at 37°C in 5% CO,. After incubation, the adherent cells were
trypsinized, centrifuged, and resuspended for cell counting by using a

hemocytometer combined with the inverted phase contrast microscope.

74



The number of monocytes and macrophages were determined
respectively by their morphology. The percent conversion of monocytes
was defined by dividing the number of adherent macrophages by the sum

of attached monocytes and macrophages.

4. Cell proliferation test

Human Wharton’s jelly stem cells (WJCs) were cultured in
high-glucose  Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS, 2 mM glutamine and 1% (v/v) antibiotics
(10,000 U/ml penicillin G, 10 mg/ml streptomycin, and 0.025 mg/ml
amphotericin B). Cells of passages 8~20 were used. The FN and FN-Au

were coated into the bottom of 96-well tissue culture plates. Two hundred
ul of cell suspension with a density of 6x10° cells/mL was injected into

each well of the culture plates. After 24, 48 and 72 hrs of incubation, add
500 ul of MTT [3-(4, 5-cimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide] solution from step one to each well containing cells. Incubate
the plate in a CO, incubator at 37 °C for 3 hrs. Remove media with
pipette and add 500 ul DMSO to each well and pipette up and down to
dissolve crystals. Transfer to plate reader and measure absorbance at 570

nm.

5. Platelet activation test

For platelet adhesion and activation, substrates were placed in a
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24-well culture plate, and 0.5 ml of platelet-rich plasma (~ 2x10°

platelets/ml, obtained from the Chinese Blood Foundation, Taiwan) was
added to each well. After incubation for 1 hr, samples were taken out and
gently rinsed with the buffered saline. In one duplicate, the adherent
platelets were detached by trypsin, and counted by cell counter. In
another duplicate, samples were fixed by HEPES-buffered glutaraldehyde,
dehydrated in increasing ethanol solutions, critical point-dried,
sputter-coated with gold, and examined by SEM [51]. The common
morphological change (including five stages) during platelet activation
was used as a tool routinely [65] to define the degree of activation of a
platelet quantitatively in this study: O = round (unactivated), 1/4 =
dendritic (pseudopodial but no flattening), 1/2 = spread-dendritic
(flattened pseudopodia), 3/4 = spreading (late pseudopodial with
hyaloplasm spreading), and 1 = fully spread (totally activated). The

average degree of platelet activation (0.0-1.0) was calculated based on~

50 adherent platelets observed under SEM.

6. Cell morphology

The FN and FN-Au were coated into the bottom of 24-well tissue

culture plates. WJCs were seeded in 24-well plates with coverslips at a
density of 0.5x10* cells per well and incubated under standard conditions

for 8 hrs and 48 hrs. After incubation, samples were taken out and gently
rinsed with the buffered saline. In one duplicate, samples were fixed by

HEPES-buffered glutaraldehyde, dehydrated in increasing ethanol
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solutions, critical point-dried, sputter-coated with gold, and examined by
SEM. In another duplicate, the cells were washed with PBS buffer, fixed
with 4% paraformaldehyde for 15 min, and permeabilized with 0.5% (v/v)
Triton X-100 in PBS for 10 min prior to staining. Following fixation
and permeabilization, non-specific binding was blocked by adding 5%
(w/v) FBS for 30 min at room temperature. Following further extensive
washing, the cells were stained with rhodamine phalloidin (1:1000) for 30
min. After three additional washes, the coverslips were mounted on
microscope slides and sealed with a synthetic mount. Images were

collected on the fluorescence microscope.

7. Western blotting

WIJCs (2x10° cells) were seeded into each well of a 6-well tissue
culture plate containing 32-mm material-coated coverslips cultured with
50 ng/ml VEGF and 50 ng/ml SDF-1 treatment. After 48 hrs of
incubation, cells were washed three times with the ice-cold PBS, lysed in
the RIPA lysis buffer [50 mM Tris, pH 7.4, 1 mM EDTA, 1 mM
phenylmethyl sulfonyl fluoride (PMSF), 25 mg/ml leupeptin, 0.1 mg/mi
aprotinin, 1 mM dithiothreitol, 1 mM NaF, and 1% NP-40]; scraped from
the dish, rotated for 1 hr at 4 °C, and centrifuged for 15 min at 14,000xg.
The protein concentration in the supernatant was quantified by using a
protein assay kit, and 30 ug proteins of each sample were subjected to
SDS-PAGE. For immunoblotting, separated proteins were transferred
onto a nitrocellulose membrane by a semi-dry blotting technique. The
membrane was blocked with 5% non-fat dry milk in PBS for 1 hr at room
temperature before overnight incubation at 4°C with the primary
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antibodies [anti-phospho-eNOS antibody (1:500 dilution),
anti-phospho-Akt antibody (1:500 dilution), anti-phospho-ERK antibody
(1:500 dilution), anti-phospho-p38 MAPK antibody (1:500 dilution),
anti-phospho-STAT-3 antibody (1:500 dilution), anti-Bax antibody
(1:500 dilution), anti-caspase-3 antibody (1:500 dilution), anti-Bcl-2
antibody (1:500 dilution), anti-CXCR4 antibody (1:500 dilution)] and
controls [anti-actin antibody (1:5000 dilution)] to ensure uniformity of
loading. After incubation with the primary antibodies, the membrane was
washed, incubated for 1hr with peroxidase-conjugated secondary
antibodies, and then treated with the ECL Western blotting detection
system, according to the manufacturer's instructions. Quantification was
performed by densitiometric analysis with the LabWork Image
Acquisition and Analysis software. The tests were performed three times

and the representative data are shown.

8. CXCR4 transient transfection

For transient expression experiments of CXCR4 in WJCs, 50-70%
confluent cells were transfected for 12~16 hrs with 2 ul of CXCR4
SIRNA by using 3 ul of Lipofectamine and 1 ml of medium without
serum. One day later, The transfection of siRNA into WJCs were

harvested in lysis buffer and analyzed by Western Blotting.
9. Migration assay
WJCs were seeded onto each well of an Oris™ Cell Migration

Assay Tri-Coated plate with a Cell Seeding Stopper at 8000 cells/well
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containing materials-coated. The plate was then incubated overnight at 37
°C, and transfected with CXCR4 siRNA in WJCs. The following day the
Cell Seeding Stoppers were removed from the plate. Subsequently, 200 ul
Calcein AM-free medium was added to each wells and treated with
VEGF (50 ng/ml) at 12, 24, 36 and 48 hrs. Images were collected on the

fluorescence microscope.

10. Gelatin zymography

WICs (5x10° cells) were seeded in 10 cm culture dish with
material-coated and transfected CXCR4 siRNA into cells overnight.
Subsequently, added VEGF (50 ng/ml) for 48 hrs. After 48 hrs the
conditioned medium was collected, centrifuged and assayed for gelatin
zymography as previously described. The gels were stained with 0.5%
Coomassie brilliant blue R-250 in 10% acetic acid and 45% methanol and
destained with 10% acetic acid and 45% methanol. Bands of gelatinase
activity appeared as transparent areas against a blue background. MMP-2
and MMP-9 gelatinase activity was then evaluated by quantitative
densitometry. Data were normalized on the protein amount measured in

cell supernatant.

11. Immunofluorescence analysis of eNOS expression

WIJCs (2x10° cells on each 15-mm material-coated coverslips placed

in the 24-well plate) were incubated in the complete medium. After

transfected CXCR4 siRNA into cells overnight and subsequently added
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VEGF (50 ng/ml) for 48 hrs, they were fixed with 4% paraformaldehyde
and permeabilized with 0.5% (v/v) Triton X-100 in phosphate buffered
saline (PBS) for 10 min prior to staining. Following fixation and
permeabilization, non-specific binding was blocked by adding 5% (w/v)
FBS for 30 min at room temperature. Cells were incubated in the primary
anti-eNOS antibody solution for 60 min, washed extensively and then
incubated with the appropriate  secondary  FITC-conjugated
immunoglobulin (green color fluorescence) (1:150 dilution) for 60 min.
Following further extensive washing, the nuclei were stained with DAPI
(1:500 dilution) for 20 min. After two further washes, coverslips were
mounted on microscope slides with the storage solution (glycerol/PBS)
and sealed with a synthetic mount. In each case a primary antibody free
control was produced. Images were collected on a fluorescence

microscope.
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Results

1. Characterization of FN and FN-Au nanocomposites

The surface morphology of FN and FN-Au nanocomposites are
shown in Figure 1. The rms roughness of FN and FN-Au obtained from
the AFM topography was in a narrow range of 1.95-3.12 nm, indicating
that the surface was similarly flat for all nanocomposites. The topography
diagrams indicated about the surface morphology of materials, while the
phase diagrams revealed more details information. By comparing the
topography with phase diagrams, the darker area in topography
corresponded to the brighter area in phase. The size domain of the
original FN surface was dominated by hard segment lamellae (26.31 nm).
FN-Au 17.4 ppm demonstrated fewer hard segment lamellae (32.447 nm).
On the surface of FN-Au 43.5 ppm, the lamellae were completely absent
and replaced with plenty of soft segment micelles (20.04 nm). When Au
concentration was further increased (as in FN-Au 174 ppm), hard
domains expanded in size with areas of aggregation and the size domain
of the lamellae became thicker (43.0 nm). The changes of nanometric
surface morphology in FN upon addition of Au nanoparticle are depicted
in Fig 1. Fig 2 showed that the FN (at 290 nm) intermediate with pure Au
nanoparticle (at 525 nm) by UV/VIS spectrophotometer analysis.
Interestingly, the peak (525 nm) was more obvious when added different
concentrations of Au nanoparticle. Indeed, the conformation of FN and
FN-Au nanocomposites by FTIR were examined in Fig 3. It was showed
that the addition of Au with different concentration did not cause a
remarkable change in FN. Furthermore, a high resolution scan of the

Amide | and Amide Il (C-N) region revealed that there also did not
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significantly change [55]. These results indicated that the physical

property of FN was changed by Au nanoparticles rather than in chemical

property.

2. Monocyte activation test

As in the normal progression of adherent monocytes, the cell
morphology progressed from the expected round monocyte morphology
into the spread cytoplasm morphology of macrophages. The chances for
human monocytes to become the activated macrophages on the materials
after 96 hrs culture are shown in Fig 4. FN-Au 43.5 ppm had the lowest
percent conversion, indicating the least monocyte activation. FN-Au 17.4
ppm and FN-Au 174 ppm were comparable in provoking the activation of
monocytes. FN-Au 174 ppm had the most monocyte activation among all
nanocomposites. Nevertheless, on all FN-Au nanocomposites, the
chances for monocytes to become activated macrophages were still lower

than that on the original TCPS.

3. Cell proliferation test

The numbers of cells that attached and proliferated on the TCPS, FN
and FN-Au nanocomposite were showed in Fig 5. The proliferation and
adhesion ability of WJCs on all nanocomposites were greater than on
TCPS at 24, 48 and 72 hrs. FN-Au 43.5 ppm was promoted highest
proliferation ability compared to FN-Au 17.4 ppm and FN-Au 174 ppm.
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4. Cellular oxidative stress

The oxidative stress of WJCs on the nanocomposites were used
DCF-DA to measure intracellular reactive oxygen species (ROS) by flow
cytometry. DCF-DA has been used as a detector of ROS for a number of
years in many applications such as fluorescence microscopy and flow
cytometry [56]. The Fig 6 showed that the presence of Au nanoparticles
at all contents (17.4~174 ppm) in FN-Au nanocomposites suppressed the
oxidative stress of WJCs compared to original FN. Especially, the
oxidative stress of WJCs on FN-Au 43.5 ppm was the lowest among all

nanocomposites.

5. Platelet activation test

In the platelet activation test, however, platelets were less activated
on all FN-Au nanocomposites, as shown by the scanning electron
microscopy (SEM) of platelets in Fig 7. Some of the platelets on the
original FN were already spread. In contrast, most platelets on FN-Au
17.4 ppm and FN-Au 43.5 ppm were either round or pseudopodial but not
flattened.

6. The morphology of wharton’s jelly stem cells on nanocomposites

The morphology of Wharton’s jelly stem cells on nanocomposites
were determined by SEM. When cell adhesion or migration, they were

initiated by the protrusion of lamellipodia and filopodia, leading to direct
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cell movement [33]. In the Fig 8 showed that WJCs were not protrusion
formation on TCPS. However, cells were more protrusion formation, like
lamellipodia or filopodia on the FN-Au (43.5 ppm) at 48 hrs compared
with other groups. Taken together, FN-Au 43.5 ppm exhibited better
biocompatibility compared than other groups. Next, FN-Au 43.5 ppm
(denote the FN-Au) was used in this study.

7. VEGF and SDF-1 enhanced the survival capability of WJCs on
FN-Au

VEGF and SDF-1 have been identified as a key component in the
development and maturation of blood vessels [35, 37]. The molecular
between VEGF and SDF-1 enhanced the WJCs survival capability on
FN-Au nanocomposites have less studied. In the Fig 9 showed that the
caspase-3 and Bax protein expression level of WJCs were significantly
decreased on FN-Au when treated with VEGF (50 ng/ml) or SDF-1 (50
ng/ml). Indeed, Bcl-2 protein level was significantly enhanced on FN-Au
when treated with VEGF or SDF-1, respectively (Fig 9). Taken together,
VEGF or SDF-1 were enhanced the WJCs survival capability and

suppressed apoptosis on FN-Au.
8. VEGF stimulated migration of WJCs on FN-Au through CXCR4
The involvement of CXCR4 in VEGF induced WJCs migration was

confirmed by CXCR4 siRNA treatment. Fig 10A showed that CXCR4

expression level was significantly suppressed by CXCR4 siRNA
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treatment. As show in Fig 10B, transfected with CXCR4 siRNA into the
WJICs were labeled Calcein-AM (green) after treated with VEGF (50
ng/ml) for 0, 12, 24, 36 and 48hrs. This result showed that VEGF
enhanced WJCs migration were significant in a time dependent manner
on FN-Au compared to TCPS or FN groups. The migration of WJCs was
most significantly reduced after the treatment of CXCR4 siRNA, but was
slightly promoted after co-treatment with VEGF. Meanwhile, the
migration ability of WJCs on FN or FN-Au quantified as the fluorescence

intensity by labeled with Calcein-AM staining.

9. VEGF activated MMP-9 activity of WJCs on FN-Au through
CXCR4

To explore the mechanisms by which MMP protein activity was
induced for WJCs on FN-Au, the expression of MMP-2 and MMP-9 were
evaluated after co-treatment of VEGF with CXCR4 siRNA, respectively.
Fig 11 shows a representative MMPs expression of WJCs upon
transfection with CXCR4 siRNA by using Gelatin zymography. The
adhered WJCs expressed more readily detectable MMP-9 after VEGF
stimulation than other control groups on FN-Au. Besides, MMP-9
expression level at 48 hrs was significantly reduced in WJCs transfected

with CXCR4 siRNA, especially for those on FN-Au.

10. VEGF promoted eNOS expression of WJCs on FN-Au through
CXCR4
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The expression and cellular localization of eNOS at 48 hrs observed
by the immunofluorescence image analysis shown in Fig 12. A higher
fluorescence intensity in the cytoplasm distribution of eNOS protein
labeling was found on FN-Au compared to TCPS and FN groups (Fig 12).
Indeed, the eNOS induction by FN-Au on WJCs was obvious reduced by
the addition of CXCR4 siRNA. This result indicated VEGF/CXCR4
signaling was involved in eNOS induction on FN-Au (Fig 12). It was also

confirmed by Western Blot (Fig 13).

11. VEGF modulated CXCR4 downstream signaling pathway on
FN-Au

Previous reports indicated that cell migration ability was promoted
by the CXCR4 signaling and via the downstream protein such as
PI3K-Akt-eNOS, MAPK family and JAK2/STAT3 [41-42]. So far, the
investigated the roles of angiogenic factor in WJCs on FN-Au has less
studied. Next, we further explored the molecular mechanism of WJCs on
FN-Au. When cultured WJCs on materials after VEGF stimulation, the
increased in p-Akt/eNOS protein on FN-Au was significantly higher than
on TCPS or FN (Fig 13). The mechanism on p38 MAPK, ERK and
STAT-3, however, was not remarkable (Fig 13). Besides, it was further
noticed that the p-Akt/eNOS expression level was blocked by CXCR4
siRNA. Together these results in Fig 13, it was suggested that CXCR4
may play as a upstream crucial role as in roles p-Akt/eNOS signaling in

promoting WJCs migration on FN-Au.
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Discussion

In this current study, all the FN nanocomposites at 17.4-174 ppm of
Au nanoparticle showed increased cell proliferation, reduced monocyte
activation, and greater free radical scavenging ability, than the original
FN. FN-Au 435 ppm had the best performance among the
nanocomposites, followed by FN-Au 17.4 ppm. Previously it has been
demonstrated that the presence of Au nanoparticles at 43.5 ppm
significantly improved the thermal and mechanical properties, as well as
the biostability of other PU model system [51]. These effects were similar
to those in the presence of an appropriate amount (43.5 ppm) of Au
nanoparticles.

The surface morphology of the FN was significantly modified by the
existence of a small amount of gold nanoparticles has been observed in
this study. The change in nanometric surface morphology was reported in
our published work, where the hard segment micelles changed their size
upon addition of Au nanoparticles [53]. In this model system, the surface
of the original FN showed hard segment lamellae (~26.31 nm), which
was the common surface morphology of FN when the hard segment
content was relatively higher (=3.123 nm). Also, it seemed that the added
of Au nanoparticles on the surface processed micelle formation and
interfered with the ability of the hard segments to form lamellae of
PU-Au 17.4 ppm. The soft segments formed isolated micelles, and the
extent of phase separation was greatest was occurred on PU-Au 43.4 ppm.
It was agreed and compared to our previously report that phase separation
was probably stabilized by hydrogen bonds brought about by the Au
nanoparticles [51]. The above observations demonstrated that
nanoparticles had the ability to induce significant morphological

transformation in FN-Au nanocomposites. From the present report and
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the previous other PU system, Au nanoparticles with a size of 5 nm with
hard segment, it seemed could participate in the phase separation process
of FN, leading to nanometric surface morphological changes. It is thus
readily to fabricate the material properties of original FN material surface
by applying small amount of Au nanoparticle of the optimal size domain
and concentrations. So far, many literatures have reported the influence of
the height of nanometric features on the cellular response could change
the cellular behavior. For example, surface nanoislands (13-27 nm) were
indicated to promote the response of fibroblasts [54]. Also, the other
model system of poly(e-caprolactone)/poly(ethylene glycol) diblock
copolymer with 27 nm high islands obtained by phase separation was
shown to have better biocompatibility [45]. Compared to our previous
work with PU-Au nanocomposites, the characteristic size in the lateral
dimension had a similar tendency of change as in the present study, and
FN-Au 43.5 ppm with the smallest hard domain size (=20.04 nm)
exhibited the best cell biocompatibility effect.

It is worth to notice the effect regarding how the appearance of thing
of FN-Au nanocomposites was related to the biological response.
Monocyte-derived macrophages are key regulators of the host response to
biomaterial implants [51]. In the current report, the monocyte activation
was attenuated by FN-Au nanocomposites (Fig 4). We suggested that
macrophages, by morality of their ability to adhere and spread on FN
surfaces, may be associated with the in vivo biostability capacity. Au
nanoparticles in FN were found to reduce the adherence of monocytes as
well, especially at 43.5 ppm of FN-Au. Therefore, Au nanoparticles
appeared to provide a reasonable means to attenuate the inflammatory
response to biomaterials.

The scavenging ability of ROS appeared to exert a crucial effect on

the implantation of biomaterials into in host body. Previously, we have
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showed that free radicals may be derived from the surface of Au
nanoparticles and may be responsible for the against ROS generation
activity of the Au nanoparticles [51]. In the current study, Au
nanoparticles at 43.5 ppm in water exhibited some free radical
scavenging ability (Fig 6). Therefore, the previous hypothesis regarding
the mechanism of the inhibitory effects of Au nanoparticles on ROS
scavenging appeared undiscovered. Interestingly, the pure Au
nanoparticles (50 ppm in solution) exhibited excellent free radical
scavenging ability has also been found in our recently published work
[54]. It was possible that the Au could function to modulate the cellular
response, especially the biocompatibility of the other PU-Au system.
Antioxidation was associated with reduced host inflammation after
implantation of biomaterials [57]. A report indicated that after the
implantation of superoxide dismutase-modified PU into rats, PMN-rich
acute inflammatory infiltrates were reduced [58]. Thus, it is possible that
FN containing Au could reduce the amount of free radicals and the
inflammatory response as well. However, the elimination of free radicals
generation effect by Au nanoparticles on FN could not be completely
ruled out in the current work and required further exploration.

It is logical to suppose two molecular mechanisms related to
enhanced ECs migration, that is, the NO-dependent (such as PI3K/Akt
pathway) and NO independent (such as the mentioned Rho GTPase
pathways) [52]. eNOS is known to be activated by ECs migration effect
[50]. The greater migration rate of ECs on the other model system PU-Au
was association with the PI3K/Akt signaling to eNOS molecular
mechanism on PU-Au has been well studied in our previous work [52]. It
was found that ECs tended to elongate and form lamellipodia on PU-Au.
Lamellipodia formation may be a result of activation of small Rho

GTPase (ex: Rac) and induced edge ruffling and stress fiber formation in
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cultured ECs, it can induce cell motility. Indeed, when signaling was
abolished by Y-27632 (specific inhibitor of Rho-GTPase), actin fiber
extension was significantly reduced. Many recent reports have mentioned
the Rho family of small GTPases as the key regulator of the cytoskeletal
reorganization [59]. In spite of the association with PI3K/Akt signaling
pathway, FN-Au 43.5ppm, which exerted a stronger Akt/eNOS activation
effect than other materials (Fig 13). The present study also has shown that
the migration of WJCs on FN-Au was significantly enhanced over the
original FN (Fig 10). Based on this finding, it was to say that
upregulation of eNOS and p-Akt proteins, which was simultaneously
associated NO-independent pathway (FAK/Rho-GTPase/MMP-9)
signaling pathway to promote cell migration by FN-Au.

Abundant evidence suggests that EPCs contribute to vascular repair,
remodeling, and lesion formation under physiological and pathological
conditions. Systemic administration of EPCs also improves functions of
ischemic tissues after stroke [39] or myocardial infarction [19]. However,
administration of for EPCs or bone marrow-derived cell populations
enriched for EPCs into subjects with cardiovascular disease has had
limited lower proliferative efficacy, with regard to new vessel formation.
Although less studied, we have aimed to as WJCs [24], from human
umbilical cord in order to seek for other substitution source of vascular
stem cells. MSCs secrete numerous cytokines including VEGF, SDF-1,
bFGF, IGF-1, and HGF [23]. These paracrine factors, especially VEGF,
are important for maintaining or improving vascular function in
MSCs-mediated vascular repair [37]. The functions of MSCs are not only
due to its potential to differentiate into endothelial cells [36], but also
depend on the paracrine effects, including enhanced repairing capacity of
implanted MSCs mobilization and migration [35]. Previous studies

indicated that overexpression of SDF-1 provides a cue for stem cells to
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mobilize and home into the damaged vascular sites [32]. Consequently,
interactions between SDF-1 and CXCR4 contribute to tissue repair [33].
Because vascular damage appears to be an important signaling cue in the
migratory responses of MSCs, we next investigated in MSCs the
expression of CXCR4, which are the receptors for SDF-1 and VEGF. The
VEGF siRNA significantly inhibited migration capacity of MSCs toward
SDF-1 stimulation (Appexdix 1), further confirming that the
SDF-1/CXCR4 mechanism regulates the migratory responses of MSCs
on FN-Au. The present studies provide a further support for the paracrine
function of MSCs in response to FN-Au nanometric surface.

Although BM has been the main source of MSCs for both
experimental and clinical studies, recent work has shown that MSCs
could also be isolated from umbilical cord vein [23] and cord blood [60].
In our studies, we were able to establish MSCs cultures from Wharton
jelly in human umbilical cord (WJCs)-derived stem cells which survived
past the 20th passage. One difference between BM- and CB-derived
MSCs that we observed was expression of VEGFR-2, which we found in
MSCs from CB but not from BM [60]. Recently, MSCs derived from
umbilical cord vein were shown to express endothelial markers [24].
VEGF overexpressed from MSCs first activates SDF-1a/CXCR4
pathway. Activated SDF-1 then induces mobilization and migration of
MSCs into damaged areas [32]. Accordingly, we observed that MSCs
from WIJCs proliferated better than on FN-Au, and our results also are
consistent with the notion that confluences MSCs results in the induced
of VEGF expression level (Appexdix 1). VEGF siRNA reduces SDF-1
promoted CXCR4 expression level on FN-Au (Appexdix 1) has been
found. By the stimulation of VEGF and SDF-1, MSCs became more
readily differentiates to endothelial-like cells, leading to the enhanced

eNOS protein (Fig 12). Meanwhile, the eNOS protein expression level
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was more completely abolished after CXCR4 siRNA treatment (Fig 12).
Based on this finding, it was suggested that VEGF may has as a upstream
regulator of SDF-1/CXCR4/eNOS by FN-Au induction.

The expression of MMPs by MSCs is important, as it has recently
been shown to be upregulated under hypoxic conditions and to promote
the migration and capillary-tube formation by MSCs [41]. This is suppose
that secreted proteinases such as MMP-2 and MMP-9 are contributing to
promote cell migration also through its ability to process and activate cell
surface molecules such as integrin o583 [61]. In our study, migration
ability by FN-Au on MSCs toward VEGF/SDF-1 cross interaction (Fig
10) and was significantly reduced by CXCR4 siRNA treatment (Fig 10),
further underlining the role of MMP in MSCs migration via the
involvement of MMPs on FN-Au, especially MMP-9. SDF-1 stimulation
also promoted the expression of cell surface marker (ex: a5B3 integrin)
involved in stem cells homing to the damaged vascular site and the
secretion of MMPs, which are involved in enhancing cell migration and
vascular remodeling [49]. Our data are in agreement with the role of
SDF-1 in the regulation of MMP-9 expression level (Fig. 11) with
respectively MMP-9 involved in stem cells adhesion on FN-Au
nanometric surface. Also, activation of integrin CXCR4 or o583 integrin
are thus crucial for regulating of VEGF-stimulated MSCs to FN-Au,
which has a positive effect on these events in response to nanometric
surface.

The binding of SDF-1 to CXCR4 was reported to cause activation of
multiple signal transduction pathways, including PI3K, MAP kinases and
ERK signaling pathway [41-42]. Both PI3K/Akt and MAPK/ERK signal
transduction pathways have been shown to mediate the cell migration
induced by chemokines or cytokines in different cell types [41]. Akt

signaling appears to be critical for VEGF-induced angiogenesis [62].
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Recently, studies in MSCs have demonstrated that VEGF could improve
migration, proliferation, in which the activation of the PI3K/AKkt signal
transduction pathway may play an important role [41]. Wang et al. have
reported that PI3K/Akt, but not MAPK/ERK, is required for
SDF-1-mediated migration of hematopoietic progenitor cells [63].
Moreover, some studies have showed that both PI3K/Akt and
MAPK/ERK signal transduction pathways are involved in the regulation
of SDF-lo—mediated migration [64]. To investigate the functional roles
of PI3K/Akt and MAPK/ERK signaling  cascades in
VEGF/SDF-1-induced cell migration of MSCs by FN-Au, CXCR4
SiRNA nearly totally blocked VEGF induced Akt protein expression on
WJCs with FN-Au (Fig 13). In contrast, had no significant effect on
VEGF-induced p38MAPK, ERK and STAT-3 signaling activation (Fig
13). Thus, it may suggest that PI3K/Akt activation is required for
VEGF/SDF-1-induced WJCs migration on MSCs with FN-Au.

VEGF and SDF-1 have been shown to regulate cell proliferation,
migration, and angiogenesis, including the activation of eNOS activity,
via the PI3K/Akt signaling pathway [62]. Activation of Akt has been
shown to stimulate phosphorylation of eNOS and then increases
endothelial NO production, which leads to subsequent cells growth and
migration [50]. Our data also demonstrated that eNOS activation was
required for VEGF mediated MSCs migration on Fn-Au (Fig 13), the
induction of eNOS by FN-Au was significantly reduced by a co-treatment
with CXCR4 siRNA and VEGF on MSCs (Fig 13). These finding
suggested that VEGF may act as upstream regulator leading to

PI13K/Akt/eNOS expression in response to FN-Au nanometric surface.
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Conclusion

It is necessary to be able to offer the endothelial cell proliferation,
migration and function of ECs for successful implantation of biomaterials
into cardiovascular. This study suggested that WJCs could react to
nanometric surface in a FN by changing morphology, relating to
NO-dependent and NO-dependent pathway and increasing motility event.
Cytoskeletal reorganization and VEGF/SDF-1 regulation played key roles
in this process. Our data are the first to report a molecular mechanism of
WJICs in response to surfaces featured with nanometric domains.
Practically, such defining clearly could help to fabricate the more

effective biomaterials for vascular tissue engineering application.
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Figure 1
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Materials rms roughness main surface

(nm) morphology (nm)
FN 3.123£0.03 26.312 +3.21
FN-Au (17.4 ppm) 2.685%0.11 32.447 £ 4.39
FN-Au (43.5 ppm) 0.95+0.012 20.042+£2.24
FN-Au (174 ppm) 1.951 £0.06 43.005 £ 4.98

Figure 1: The AFM images of topography (left) and phase (right) for (a)
pure FN, and FN-Au nanocomposites containing (b) 17.4 ppm, (c) 43.5

ppm, and (d) 174 ppm of Au nanoparticles. Data are mean £ SD.
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Figure 2
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Figure 2: Characterization of the nanocomposites by UV/VIS
Spectrophotometer. The pure FN, and FN-Au nanocomposites containing
17.4 ppm, 43.5 ppm, and 174 ppm of Au nanoparticles were analyzed the
absorbance wavelength by UV/VIS Spectrophotometer.
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Figure 3
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Figure 3: Characterization of the nanocomposites by FTIR. (A) FTIR
spectra of pure FN, and FN-Au nanocomposites containing 17.4 ppm,
43.5 ppm, and 174 ppm of Au nanoparticles in the total absorbance
wavenumber region (700 cm™to 4000 cm™) or (B) in the Amide | (1640
cm™) and Amide 11 (1550 cm™) (C-N) region.

108



Figure 4
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Materials The neuber of The neuber of Conversion yield
monocyte (x 10°) macrophage (x 10%) (%)
TCPS 8.4631+2.12 2.958 £ 0.52 27.008 £ 5.11
FN 8.618 +2.37 2.2751£0.81 21.5651+5.41 *
FN-Au (17.4 ppm) 9.091%1.79 1.186 £ 0.33 17.501 £ 3.76
FN-Au (43.5 ppm) 9.322+1.28 0.825+0.11 9.622 £ 2. 11
FN-Au (174 ppm) 8.525%1.69 2.683 +0.81 24.704+ 3.92

Figure 4: Human monocyte activation on the surface of pure FN, and FN
containing 17.4 ppm, 43.5 ppm, and 174 ppm of Au nanoparticles. Data
are mean = SD. * p <0.05, ** p < 0.01: greater than TCPS.
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Figure 5

Cell growth
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Figure 5: WJCs attachment and proliferation on the surface of pure FN,
and FN containing 17.4 ppm, 43.5 ppm, and 174 ppm of Au nanoparticles.
Data are mean = SD. * p < 0.05: greater than FN.
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Figure 6.
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Figure 6: Oxidative stress of WJCS on the surface of pure FN, and FN
containing 17.4 ppm, 43.5 ppm, and 174 ppm of Au nanoparticles. Data
are mean £ SD. * p < 0.05, ** p < 0.01: greater than FN.
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Figure 7

S@pm B0O00000
. .

FN-Au (43.5.ppm)

Materials Number of Adhered Average Degree of
Platelets (x10%) Activation (0.0-1.0)

TCPS 3.7210.14 0.788 £ 0.23

FN 2411021 0.706 £ 0.31

FN-Au (17.4 ppm) 0.421£0.03 =* 0.311 £ 0.09 *

FN-Au (43.5 ppm) 0.07£0.01 *:x* 0.071 £ 0.02 ==

FN-Au (174 ppm) 2.9510.41 0.747 +£0.35

Figure 7: Scanning electron microscopy analysis of platelets adhered and
activated on the TCPS, pure FN and FN-Au nanocomposites containing
17.4 ppm, 43.5 ppm, and 174 ppm of Au nanoparticles . Data are mean +
SD. * p < 0.05, ** p < 0.01: greater than TCPS. Bar=50 um.
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Figure 8
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Figure 8: The morphology of WJCs on nanocomposites. (A) WJCs
morphological on the surface of pure FN, and FN containing 17.4 ppm,
43.5 ppm, and 174 ppm of Au nanoparticles were observed by scanning
electron microscopy analysis. Arrow means filopodium; Star means
lamellipodium. Bar=50 um. (B) Actin staining of WJCs on the TCPS (a),
FN (b) and FN containing 17.4 ppm (c), 43.5 ppm (d), and 174 ppm (e) of
Au nanoparticles at 8 and 48 hrs were observed by fluorescence
microscopy. Additionally, experiments were obtained the same result.
Bar=100 um.
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Figure 9
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Figure 9: The survival capability of WJCs on FN-Au after VEGF or
SDF-1 stimulation for 48 hrs. (A) The Bax, caspase 3 and Bcl-2 proetin
expression level were analyzed by Western Blot analysis after treatment
with VEGF (50 ng/ml) or SDF-1 (50 ng/ml) for 48 hrs. 3-actin was used
as a loading control. (B) Columns, mean of three separate experiments.
Data are mean = SD. * p < 0.05, * * p < 0.01: greater than TCPS (without
treated).

116



Figure 10
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Figure 10: VEGF stimulated migration of WJCs on FN-Au through
CXCR4. (A) Western Blot analysis of CXCR4 expression in WJCs by
transfected with CXCR4 siRNA. (B) The migration rate of WJCs
transfected with CXCR4 siRNA and stimulated without or with VEGF
(50 ng/mL) at 0, 12, 24, 36 and 48 hrs were taken by fluorescence
microscopy. (C) Columns, mean of three separate experiments. Data are

mean = SD. * p < 0.05, * * p < 0.01, * * *p < 0.001: greater than TCPS
(with same treated).
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Figure 11
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Figure 11: VEGF activated MMP-9 activity of WJCs on FN-Au through
CXCR4. (A) The MMP-2 and MMP-9 activity of WJCs transfected with
CXCR4 siRNA and stimulated without or with VEGF (50 ng/mL) for 48
hrs were detected by Gelatin zymography analysis. (B) Columns, mean of
three separate experiments. Data are mean £ SD. * p < 0.05, * * p < 0.01:
greater than FN (with same treated).
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Figure 12
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Figure 12: VEGF stimulated eNOS expression of WJCs on FN-Au
through CXCR4. The eNOS expression of WJICs transfected with
CXCR4 siRNA and stimulated without or with VEGF were taken by
fluorescence microscopy. Columns, mean of three separate experiments.

Data are mean £ SD. * p < 0.05: greater than TCPS (with same treated).
120



Figure 13
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Figure 13: VEGF modulated Akt/eNOS phosphorylation of WJCs on
FN-Au through CXCR4. WJCs were transfected with CXCR4 siRNA and
stimulated without or with VEGF (50 ng/mL) for 48 hrs. Cells were lysed
and the extracts were electrophoresed. (A) The p-eNOS, p-Akt, p-P38,
p-STAT3 and p-ERK1/2 protein expressions were detected by Western
Blot. 3-actin was used as a loading control. (B) Columns, mean of three
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separate experiments. Data are mean + SD. * p < 0.05, * * p < 0.01 :

greater than FN (with same treated).
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Appendix

Appendix 1.
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Appendix 1. SDF-1 induced CXCR4 expression by VEGF in WJCs. The

CXCR4 expression of WJICs transfected with VEGF siRNA and
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stimulated without or with SDF-1 (50 ng/mL) on TCPS (A) or FN-Au (B)
were taken by fluorescence microscopy. This result showed that FN-Au
was promoted CXCR4 expression compared to TCPS. Indeed, VEGF was
mediated through SDF-1 to activate the CXCR4 expression in WJCs.
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Appendix 2.
1. Reagents

A. Cell culture and growth factors

Fetal bovine serum (FBS)

Invitrogen, USA

Hight glucose Dulbecco's Modified Eagle
Medium (H-DMEM)

Invitrogen, USA

Penicillin-streptomycin

Invitrogen, USA

Sodium pyruvate

Invitrogen, USA

Sodium bicarbonate

Sigma, USA

Trypsin-EDTA

Invitrogen, USA

Human Stromal Cell-Derived Factor-1 alpha

(SDF-1)

Prospec, USA

Recombinant Human Vascular Endothelial

Growth Factor (VEGF)

Prospec, USA

B. Nanocomposites

Au nanoparticle solution

Global Nano Tech,

Taiwan
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Acetic acid

Japan

Fibronectin

BD, NJ, USA

C. Electrophoresis and Western blot

Acrylamide-Bis (29:1)

SERVA, Germany

Ammonium persulfate (APS)

J.T.Baker, USA

Glycine

J.T.Baker, USA

Methanol

J.T.Baker, USA

N,N,N,N-Tetramethyl  ethylene  diamine
(TEMED)

Sigma, USA

Phosphatase

Roche, Switzerland

Protease Inhibitor

Roche, Switzerland

Protein assay kits

Bio-Rad, USA

SDS-PAGE  molecular  weight standard

Prestained marker

Fermentas, Canada
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Sodium dodecylsulfate (SDS)

J.T.Baker, USA

Tris-base

J.T.Baker, USA

Tween 20

J.T.Baker, USA

Western Blot detection reagent (ECL Kkit)

perkinElmer, USA

Coomassie brilliant blue R-250 staining

Bio-Rad, USA

Gelatin Invitrogen, USA
CaCl, Invitrogen, USA
Antibody

Actin mouse monoclonal antibody

Cell Signaling, USA

Phospho-Akt antibody

Cell Signaling, USA

Phospho-FAK antibody

Cell Signaling, USA

Phospho-eNOS antibody

Abcam, USA

Phospho-ERK antibody

Cell Signaling, USA

Phospho-RhoA antibody

Santa cruz, USA
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Phospho-Rac/Cdc42 antibody

Cell Signaling, USA

HRP-goat anti-mouse antibody Abcam, USA
HRP-goat anti-rabibt antibody Abcam, USA
D. Immunofluorescence
CD29-conjugate PE antibody MACS, USA
CD34-conjugate PE antibody MACS, USA
CD44-conjugate PE antibody MACS, USA
CD73-conjugate PE antibody MACS, USA
CD105-conjugated PE antibody MACS, USA
CD45-conjugate FITC antibody MACS, USA
CD90-conjugate FITC antibody MACS, USA
Fluorescein (FITC)-conjugate AffiniPure Goat Jackson
anti-rabbit IgG (H+L) ImmunoResearch,
USA

Cy"™5-conjugated AffiniPure Goat anti-mouse Jackson

ImmunoResearch,
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lgG (H+L)

USA

CXCRA4 antibody

Santa Cruz, USA

avB3 antibody

Santa Cruz, USA

NOS3 antibody

Santa Cruz, USA

FIk-1(VEGF-R2) antibody

Santa Cruz, USA

4,6-Diamidion-2-phenylindole (DAPI)

Invitrogen, USA

Rhodamine phalloidin Sigma, USA
E. others
Glutaraldehyde Sigma, USA
2,7-dichlorofluorescin diacetate (DCFH-dA) Sigma, USA
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
Sigma, USA

tetrazolium bromide (MTT)

lipofectamine

Santa Cruz, USA

VEGF siRNA

Santa Cruz, USA

CXCR4 siRNA

Santa Cruz, USA
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Scramble siRNA

Santa Cruz, USA

Calcein-AM

Invitrogen, USA

Quantum dot

Invitrogen, USA

Hematoxylin-enosin (H&E) staining

DAKO, USA

Monoclonal Mouse Anti-Human CD31

DAKO, USA

Mounting gel

Invitrogen, USA

2. Instruments

UV/Visible spectrophotometer

Laminar flow (HAG-120, Chung Fu, Taiwan)

Water bath (WB212-B2, Chung Fu, Taiwan)

Centrifuge (X-22R, Beckman, USA)

Fluorescent microscopy (ZEISS AXIO IMAGER A1, USA)

Phase contrast microscope (ZEISS AXIO Z1, USA)

Scanning electron microscopy SEM (JEOL JEM-5200, USA)

CO, Incubator (Thermoforma 370, bioway, USA)

Orbital shaker (Barnstead 4630, Taiwan)

Protein 111 (Bio-Rad, USA)
130




Power supply (Bio-Rad, USA)

Wet mini trans-blot cell (Bio-Rad, USA)

Flow Cytometer (LSR 11, BD, USA)

Plasma treat equipment (Openair®, Steinhagen, Germany)

Intravascular Catheter (Insyte™ Autoguard™, BD, USA)
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