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Bone marrow-derived progenitor cells are promising cell sources for vascular tissue engineering. However,
conventional bone marrow mesenchymal stem cell expansion and induction strategies require plating on tissue
culture plastic, a stiff substrate that may itself influence cell differentiation. Direct scaffold seeding avoids plating
on plastic; to the best of our knowledge, there is no report of any scaffold that induces the differentiation of bone
marrow mononuclear cells (BMNCs) to vascular cells in vitro. In this study, we hypothesize that an elastomeric
scaffold with adsorbed plasma proteins and platelets will induce differentiation of BMNCs to vascular cells and
promote vascular tissue formation by combining soft tissue mechanical properties with platelet-mediated tissue
repairing signals. To test our hypothesis, we directly seeded rat primary BMNCs in four types of scaffolds:
poly(lactide-co-glycolide), elastomeric poly(glycerol sebacate) (PGS), platelet-poor plasma-coated PGS, and PGS
coated by plasma supplemented with platelets. After 21 days of culture, osteochondral differentiation of cells in
poly(lactide-co-glycolide) was detected, but most of the adhered cells on the surface of all PGS scaffolds ex-
pressed calponin-I and a-smooth muscle actin, suggesting smooth muscle differentiation. Cells in PGS scaffolds
also produced significant amount of collagen and elastin. Further, plasma coating improves seeding efficiency,
and platelet increases proliferation, the number of differentiated cells, and extracellular matrix content. Thus, the
artificial niche composed of platelets, plasma, and PGS is promising for artery tissue engineering using BMNCs.

Introduction

Ischemic heart disease is the leading cause of death
worldwide. Coronary bypass surgery can reperfuse the

ischemic heart and significantly reduce mortality.1 Auto-
grafts are the standard of care for bypass grafting, but many
patients lack suitable autografts.2 Tissue engineered blood
vessels produced from autologous cells could be used for
bypass in lieu of autografts.3–5 However, challenges in blood
vessel engineering include maintaining antithrombogenicity,
matching arterial compliance, and identifying clinically fea-
sible cell sources.

Bone marrow cells are a promising source for blood vessel
tissue engineering because they include multiple progenitor
populations capable of vascular differentiation.6–8 Clinical
application of bone marrow mononuclear cell (BMNC)-see-
ded grafts as venous conduits in congenital heart surgery
demonstrated excellent safety profiles and 100% patency
rates at 1–3 years of follow-up.5,9 Animal experiments
showed that bone marrow stromal cells (BMSCs) could act as
supporting cells for endothelial progenitor cells (EPCs) and

form long-lasting functional microvasculature.10 Typical use
of bone marrow-derived cells in vascular tissue engineering
calls for plating the cell mixture on tissue culture plastic to
first isolate the adhered subpopulation, also known as
BMSCs, first. BMSCs are then induced to differentiate to
vascular cells before scaffold seeding.11,12 However, repeated
enzymatic digestion, long periods of cell expansion, expense
of various growth factors, and possible interferences of cell
behavior caused by supra-physiologic stiffness of Petri
dishes remain problems to be resolved.13 Direct seeding of
BMNCs instead of BMSCs into the desired scaffolds bypasses
the Petri dish adhesion step and therefore may be advanta-
geous for cell viability, maintenance of cell phenotype, and
simplifying in vitro procedures.

Poly(glycerol sebacate) (PGS) is a degradable, biocom-
patible, and elastomeric polyester with a Young’s modulus
comparable to that of native arteries (E = 0.282 MPa14) The
modulus is within the range of elastic moduli found for small
diameter arteries in large mammals.15,16 Our previous work
demonstrated that vascular smooth muscle cells (SMCs)
grown on PGS scaffolds showed elastin expression and

1Department of Bioengineering, University of Pittsburgh, Pittsburgh, Pennsylvania.
2McGowan Institute of Regenerative Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania.

TISSUE ENGINEERING: Part A
Volume 17, Numbers 15 and 16, 2011
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2010.0550

1979



compliance more similar to native vessels than those grown
on stiffer but chemically similar poly(lactic-co-glycolic acid)
(PLGA) scaffolds.17 Further, Sales et al. demonstrated that
precoating natural matrix onto PGS scaffolds would enhance
EPC expression of functional proteins and extracellular ma-
trix (ECM).18 The above results suggest that establishing a
microenvironment with mechanical and biochemical char-
acteristics similar to those of blood vessels can improve
vascular tissue formation from either mature or progenitor
cells.

Platelets have been identified to contain multiple growth
factors and are involved in tissue healing and repair. Accu-
mulating evidence suggests that platelets play an essential
role in recruiting circulating EPCs by paracrine release of
stem cell-derived factor-a and vascular endothelial growth
factor.19,20 Additionally, platelet-rich plasma has been shown
clinically to promote wound healing and enhance bone and
tendon repair.21 Consequently, we hypothesized that incor-
porating both plasma proteins and platelets in an elastomeric
PGS scaffold could provide a microenvironment inducive of
BMNC proliferation and differentiation to vascular cells and
support subsequent vascular tissue formation. In this study,
we produced this ‘‘artificial niche’’ for vascular tissue for-
mation (Fig. 1) and investigated the effects of substrate
elasticity, plasma precoating, and platelet preadhesion on the
adhesion, proliferation, and differentiation of directly seeded
BMNCs. We show that BMNCs can adhere, proliferate, and
differentiate into smooth-muscle like cells, and that these
cells synthesize collagen III and elastin, hallmark ECM pro-
teins of blood vessels.

Materials and Methods

Animal care procedures were conducted in appliance with
National Institutes of Health (NIH) guidelines (NIH publi-
cation no. 85–23 rev. 1985) and approved by the Institutional
Animal Care and Use Committees at the University of
Pittsburgh. Male Sprague Dawley rats (200–250 g) were used
for bone marrow and platelet harvesting.

Isolation of platelet-poor plasma and platelets

Platelet-poor plasma and platelets were isolated according
to previously published literature with minor modifica-
tions.16 Briefly, to isolate platelet-poor plasma, whole blood
was aspirated from rat hearts and anticoagulated by low-
molecular-weight heparin (20 U/mL, low-molecular-weight
heparin; MP Biotech, Solon, OH). Blood was then centrifuged

at 1200 g for 10 min at 22�C to separate blood cells and
platelets from plasma. Plasma was diluted with phosphate-
buffered saline (PBS) to 20% of the original concentration to
slow fibrin polymerization when used as a scaffold coating,
thereby improving fibrin infiltration within scaffold pores.
To isolate platelets, whole blood from rat hearts was drawn
into a syringe containing 3.8% sodium citrate (volume ratio,
blood:sodium citrate = 9:1) to prevent coagulation. To re-
move erythrocytes, blood was centrifuged at 420 g for 10 min
at 22�C, and plasma containing platelets was transferred to
another centrifuge tube. Plasma containing platelets was
centrifuged at 1200 g for an additional 10 min at 22�C to
concentrate platelets. To produce platelet-supplemented
plasma, platelet pellets were resuspended in diluted platelet-
poor plasma at a density of 1.0 · 109/mL.

Isolation of BMNCs

BMNCs from two rats were pooled and seeded into three
scaffolds in each group. BMNCs were isolated from rat fe-
murs and tibias immediately after euthanization. Briefly,
both ends of the bones were severed, and marrows were
flushed from bones with heparinized (100 U/mL) PBS. Fat
and bone fragments were removed by a 100 mm filter. To
isolate BMNCs, filtered marrow was centrifuged on a his-
topaque density gradient (Sigma-Aldrich, St. Louis, MO) at
2700 rpm for 20 min.

Preparation of the tissue engineered constructs

For scaffold fabrication, PGS was dissolved in tetrahy-
drofuran (20%), and salt fusion and particulate leaching
methods were used to fabricate porous scaffold (thick-
ness = 1.0 mm, pore size = 75–100mm, porosity ‡ 90%) as
previously,22,23 and the compressive modulus of the scaf-
folds was 4.05 – 1.30 KPa as previously reported.22 Scaffolds
were cut into 1 cm2 sheets (strips or disks) and autoclaved.
Scaffolds were purified by serially soaking in 75%, 50%, and
30% ethanol, followed by soaking in PBS. To coat PGS with
platelet-poor plasma (P-PGS), 150 mL of platelet-poor plasma
was applied to the surface of PGS scaffolds. Scaffolds were
then incubated at 37�C for 15 min, and subsequently rinsed
with PBS to remove excess plasma. To coat PGS scaffolds
with platelet-supplemented plasma (Pl-P-PGS), platelet
supplemented plasma was applied using the same protocol
as described for platelet-poor plasma coating.

Scaffolds were seeded with BMNCs by dynamic rotational
cell seeding as previously described.24 Briefly, cells (1.5 · 106

FIG. 1. Components of the
artificial niche: elastomeric
PGS scaffolds coated with fi-
brin and platelets constitute
the artificial niche. Bone
marrow mononuclear cell
adhesion, vascular differenti-
ation, and proliferation are
mediated by the elasticity of
PGS and biochemical signals
from fibrin and platelet. PGS,
poly(glycerol sebacate). Color
images available online at
www.liebertonline.com/tea
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cells/cm2 scaffold) suspended in 10 mL culture medium
were seeded on scaffolds of each group in disposable scin-
tillation vials (Wheaton, Millville, NJ; 20 mL) and rotated at
2 rpm at 37�C for 48 h in a hybridization chamber. The slow
rotational speed allows longer contact between cells and
scaffolds than at higher speeds, and prevents settling of the
cells by gravity. Culture medium consisted of MCDB 131
(Mediatech, Hernton, VA) supplemented with 10% (v/v)
fetal bovine serum (FBS; Lonza, Basel, Switzerland), 50 mg/L
ascorbic acid (Sigma-Aldrich), and 20mM L-glutamine
(Mediatech). Culture medium was replaced at 4 and 12 h.
After seeding, constructs were cultured for 19 days in a
modified spinner-flask bioreactor to minimize gradients in the
culture medium (Fig. 2). The bioreactor consists of a 50 mL
glass beaker containing a magnetic stir bar under a stainless
steel mesh platform. Constructs were fixed on the stainless
steel mesh platform near the wall of the beaker. Three con-
structs in the same experimental group were spaced equi-
distant from one another in each bioreactor. The magnetic
stirrer stirs at 20 rpm continuously to facilitate diffusion of
culture medium. Culture medium was changed every 3 days.
As control group, PLGA scaffolds made from the same salt
leaching method were cut into the same size as PGS above,
then seeded with BMNCs and cultured under the same con-
ditions. Another control group was also set up by seeding
bamboo SMCs in PGS scaffolds (Supplementary Fig. S1; Sup-
plementary Data are available online at www.liebertonline
.com/tea).

Examination of cell adhesion and proliferation

After 15 h of rotational cell seeding, scaffolds were fixed
with 10% formalin and stained with 4¢,6-diamidino-2-
phenylindole (DAPI; Sigma, St. Louis, MO) to observe cell
nuclei. Stained cells were observed and counted using a
fluorescent microscope. To observe cell infiltration during
cell seeding process, the samples were frozen into Tissue-Tek
optimal cutting temperature compound (O.C.T.; Sakara Fi-
netek, Torrance, CA), cryosectioned to 8mm thickness, and
stained with hematoxylin and eosin (H&E).

For quantification of cells captured by scaffolds, crystal
violet staining was performed as previously described.17

Briefly, each freshly seeded construct (n = 5) was rinsed with
PBS, then finely minced with surgical scissors. Scaffold pieces
were transferred to a 15 mL centrifuge tube and rinsed twice

with filtered crystal violet solution. Each tube was vortexed to
free as many cell nuclei as possible from the scaffold and then
incubated at 37�C for 48 h. To confirm adequate liberation of
cell nuclei, the largest scaffold fragments were compressed
repeatedly using forceps, and microscopic observation
showed no release of additional nuclei. The number of cell
nuclei was counted under a Nikon TiE microscope.

DNA content was used to quantify cell proliferation rather
than crystal violet staining because ECM deposition pre-
vented the complete removal of cell nuclei. Total DNA was
quantified for constructs (n = 5) incubated for 3 days and 10
days using TRIzol� reagent according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA; Briefly, constructs were
minced with surgical scissors and extracted in the TRIzol
reagent). After DNA isolation and washing procedures, total
DNA was measured by absorbance at 260 nm by a BioTek
Synergy-MX spectrophotometer.

To quantify the amount of biological tissue made by the
cells, wet constructs (n = 3 in each group) were weighed and
then subjected to TRIzol digestion for 20 min at room tem-
perature. The constructs were rinsed with PBS and centri-
fuged at 200 rpm for 1 min to remove residual tissues. The
wet weights of the constructs were again recorded and
compared to the wet weights before digestion.

Scanning electron microscopy

Samples were fixed in 2.5% (v/v) glutaraldehyde and de-
hydrated in a graded series of ethanol solutions (25%, 30%,
50%, 60%, 70%, 80%, and 90% ethanol) for 20 min each, fol-
lowed by three subsequent dehydrations in 100% ethanol and
hexamethyldisilazane. Samples were then mounted on alu-
minum stubs, gold sputtered, and imaged using a JEOL
JSM6330F scanning electron microscope (SEM) (Tokyo, Japan).

Histology and immunohistochemistry

Histological analysis and characterization of cell pheno-
types were performed as previously described.20 To deter-
mine overall construct morphology for PGS constructs,
constructs were embedded in O.C.T, cryosectioned to 8 mm
thickness, and stained with H&E or Masson’s trichrome
(MTS). To estimate cell density of PGS constructs from H&E
micrographs, total nuclei per cm2 of longitudinal construct
sections were counted from representative images at
100 · magnification using Nikon Elements Software (n = 6).

FIG. 2. Scheme of the spinning cul-
ture systems. Constructs were secured
in stainless steel meshes and fixed near
the edge of culture vessels. A magnetic
stir bar was used to circulate culture
medium (MCDB131 containing 10%
fetal bovine serum, 50 mg/L ascorbic
acid, and 20 mM L-glutamine).
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To characterize osteogenesis in the constructs, all of the
samples were processed for von Kossa staining. In addition,
alkaline phosphate (ALP) activity was quantified in con-
structs cultured for 14 days as follows: Samples were minced
and lysed using Cellytic� cell lysis reagent (Sigma; 300mL/
sample); then the solution was centrifuged at 12,000 rpm
(10,800 g) at 4�C for 15 min, and the supernatant solution was
collected. Protein content was quantified by adding protein
assay reagent (Pierce 660 nm). ALP yellow liquid substrate
system for ELISA was used to quantify ALP content in the
samples, total ALP content was measured by absorbance at
405 nm using a BioTek Synergy-MX multiplate reader.

Immunofluorescence microscopy was used to observe
platelets, determine cell phenotypes, and identify ECM
proteins in PGS constructs. Antibodies for immunofluores-
cence microscopy are summarized in Table 1. To identify
platelets, Pl-P-PGS scaffolds and constructs were im-
munostained using von Willebrand factor primary anti-

bodies. To assess cell phenotypes, constructs were
immunostained for SMC markers a-smooth muscle actin (a-
SMA) and calponin-I, which are early and middle stage
differentiation markers, respectively. To identify elastin and
collagen III, ECM proteins characteristic of vascular tissues,
immunostaining was performed. Immunostaining was per-
formed as follows: Frozen sections were fixed in acetone for
10 min and then air dried. Nonspecific binding was blocked
by 30 min incubation in normal goat serum (5% v/v, 0.1%
Triton · 100, 0.1 M PBS, pH 7.4). Slides were then incubated
in the primary antibodies for 40 min at 37�C. Slides were
subsequently rinsed three times in PBS, and then blocked
again in normal goat serum. Slides were then incubated with
fluorescein isothiocyanate-conjugated secondary antibodies
for 30 min at room temperature and rinsed three times with
PBS. Slides were co-stained for nuclei with DAPI (Invitro-
gen). Negative controls were stained using the same protocol
but without primary antibodies. Positive controls were

Table 1. Antibodies Used for Immunofluorescent Staining

Antibody Species Working concentration Company

Anti a-SMA Mouse · Rat 1:40 Sigma-Aldrich, St. Louis, MO
Anti Calponin-I Mouse · Rat 1:200 Abcam, San Francisco, CA
Anti–vWF Rabbit · Rat 1:400 Abcam, San Francisco, CA
Anti Elastin Rabbit · Rat 1:40 Millipore, Billerica, MA
Anti Collagen III Rabbit · Rat 1:100 Abcam, San Francisco, CA
Alexa 594 IgG Goat · Rabbit 1:800 Invitrogen, Carlsbad, CA
Alexa 488 IgG Rabbit · Mouse 1:800 Invitrogen, Carlsbad, CA

a-SMA, a-smooth muscle actin; VWF, von Willebrand factor.

FIG. 3. Characterization of scaffolds. (A) SEM micrographs of PGS scaffolds showed high porosity and good interconnectivity
between pores. Scale bar = 100mm. (B) Platelet-poor plasma and (C) platelet-poor plasma-coated scaffolds displayed plasma
deposition in the interior surfaces. Scale bars = 100mm. (D) Anti–von Willebrand factor immunofluorescent staining of Pl-P-PGS
cross sections demonstrate wide distribution of platelets throughout the Pl-P-PGS scaffold. 100 · , scale bar = 100mm. (E)
Adherent platelets on Pl-P-PGS scaffolds extended multiple processes characteristic of activated platelets. Scale bar = 10mm. (F)
Platelet adhesion increased with time and plateaued at 15 min incubation. Pl-P-PGS, PGS scaffolds with platelet supplemented
plasma. SEM, scanning electron microscope. Color images available online at www.liebertonline.com/tea
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stained from constructs seeded with adult baboon arterial
SMCs (passages 4 to 5) cultured under the same conditions.
All the stained sections were analyzed using an inverted
Nikon TiE microscope and Nikon NIS-Elements software
(Nikon Instruments, Melville, NY).

Western blotting

Engineered tissues were crushed manually and dissolved
in a lysis buffer (pH 7.4) containing 25 mM Tris base, 0.4 mM

sodium chloride, 0.5% (w/v) sodium dodecyl sulfate, and a
protease inhibitor cocktail (Sigma) to extract proteins. Protein
concentrations were quantified by Bradford assay using
Quick Start Bradford Dye Reagents (Bio-Rad, Hercules, CA).
Cell lysates (30mg) were size fractioned by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis, and western
blotting was performed with selective b-actins (1:500; Sig-
ma), calponin-I (1:500; Abcam), and a-SMA (1:1000; Milli-
pore, Billerica, MA). The bands were further quantified using
NIH ImageJ.

FIG. 4. Cell capture by PGS scaffolds. (A) and (D) are representative images of PGS scaffolds, (B) and (E) of P-PGS, and (C)
and (F) of Pl-P-PGS. After 15 h of rotational cell seeding, constructs were stained with DAPI to observe cells on the scaffold
surface (A–C), and cross sections of constructs were stained with H&E to observe cells in the interior of the scaffolds (D–F).
Arrows indicate stained cell nucleus (dark purple points) distributed in scaffolds. Scale bars equal 100mm for images (A–F).
(G–I) SEM images showed detailed morphology of cells on the surface of the scaffolds; arrows indicate attached cells. 100 · ,
scale bars equal 20mm. ( J) The number of cells adhered in scaffolds was quantified using crystal violet staining, n = 5, p < 0.05.
P-PGS and Pl-P-PGS scaffolds had significantly higher cell seeding efficiency than bare PGS. H&E, hematoxylin and eosin.
Color images available online at www.liebertonline.com/tea
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Quantitative biochemical matrix analysis

Insoluble elastin content was determined for constructs (n = 4
in each group) using a Fastin� Elastin Assay Kit (F2000; Bioco-
lor, Carrickfergus, United Kingdom). Insoluble elastin was ex-
tracted from constructs by mincing construct segments (length
5 mm) into pieces no larger than 1.0 mm2 and digesting with
oxalic acid at 60�C. Elastin concentration in the supernatant was
measured using the kit instructions, and total elastin per con-
struct wet weight was calculated from the elastin standard curve.

Collagen content was quantified using a Sircol� Collagen
Assay (S1000; Biocolor). Collagen was extracted from constructs
(n = 4 in each group) by mincing construct segments and di-
gesting pieces with 0.5 M acetic acid containing 1 mg/mL
pepsin A. Collagen concentration in the supernatant was mea-
sured following kit instructions, and total collagen per construct
wet weight was calculated from the collagen standard curve.
For normalization of biochemical contents in constructs, the
DNA contents were also quantified from part of same samples
or constructs in the same bioreactor. The collagen and elastin
contents were normalized to per microgram DNA.

Statistical analysis

All results are expressed as mean – standard deviation.
Statistical analyses were performed using SPSS 17.0 software

(SPSS, Inc., Chicago, IL). ANOVA was used for multiple
group comparisons followed by Tukey’s Honestly Significant
Difference or Games-Howell post tests. A p-value < 0.05 was
considered significant (Supplementary Tables S1 and S2).

Results

Scaffold morphology

SEM examination of PGS scaffolds revealed high porosity
and pore interconnectivity (Fig. 3A). SEM for P-PGS and Pl-P-
PGS groups immediately after coating are shown in Figure 3B
and C, respectively. Pl-P coating deposited platelets (Fig. 3D, E)
evenly in the scaffolds. Adherent platelets extended multiple
processes, characteristic of activated platelets (Fig. 3E). Platelet
adherence reached a plateau after 15 min of incubation (Fig. 3F).

Platelet-poor plasma enhances cell seeding
efficiency in scaffolds

Constructs were examined with DAPI staining, H&E
staining, crystal violet staining, and SEM to assess cell cap-
ture after 15 h of rotational cell seeding. DAPI and H&E
micrographs showed cell adhesion in all PGS scaffolds (Fig.
4A–F). Further, H&E staining of the cross section of the
constructs indicated good cell penetration into the bulk of the

FIG. 5. Characterization of cell proliferation in scaffolds after 10 days of culture. SEM micrographs revealed adherent cells on
the surface of the scaffolds: (A) PGS, (B) P-PGS, and (C) Pl-P-PGS scaffolds. Pl-P-PGS constructs exhibited more cells on the
surface than the other groups. Inset: higher magnification (1000 · ). Two distinct cell morphologies are present: spread, spindle-
like cells (arrows) and more spherical cells (dotted circles). (D) Macroscopic examination showed that Pl-P-PGS constructs
deformed the most. (E) DNA quantification shows significantly increased proliferation in Pl-P-PGS scaffolds compared with
P-PGS and uncoated PGS, n = 5, *p < 0.05, **p < 0.01. Color images available online at www.liebertonline.com/tea
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constructs (Fig. 4D–F). SEM indicated good cell adhesion on
the construct surfaces (Fig. 4G–I). In P-PGS and Pl-P-PGS
constructs, cells appeared to be closely associated with fibrin
cables. Indeed, nuclei counting indicated that P-PGS and Pl-
P-PGS scaffolds had significantly higher seeding efficiency
than uncoated PGS scaffolds (Fig. 4J). There was no signifi-
cant difference in seeding efficiency between Pl-P-PGS and
P-PGS.

Platelet-poor plasma and platelets
improve BMNC proliferation

Gross appearance, SEM examination, and DNA quantifi-
cation indicated that platelet-poor plasma and platelet coat-
ing improved BMNC proliferation. SEM of constructs
cultured for 10 days demonstrated that PGS and P-PGS
scaffolds supported a sub-confluent and confluent cell

FIG. 6. Construct tissue formation after 21 days of culture. (A) Macroscopic images showed more drastic construct de-
formation for all constructs than day 10. Ruler ticks = 1 mm. (B) Wet weight percentage of biologic tissues in constructs (n = 3).
(C) Histological evaluation of the constructs (a–c: H&E staining, 40 · , scale bars = 500 mm. d–f: MTS, 200 · , scale bars = 50mm).
(D) Cell density of the constructs approximated by nucleus counting of construct cross sections using Nikon Elements
software (n = 6). Pl-P-PGS group demonstrated significantly higher cell density than the other groups. Values represent
mean – standard error, **p < 0.01. Analysis performed in triplicate. (E) Immunofluorescent images of anti–von Willebrand
factor staining revealed that platelets (red) were still present in Pl-P-PGS constructs after 21 days. DAPI co-staining (blue)
labeled cell nuclei and is also nonspecifically adsorbed by PGS. 100 · , scale bars = 100mm. MTS, Masson’s trichrome; DAPI, 4’,6-
diamidino-2-phenylindole. Color images available online at www.liebertonline.com/tea
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monolayer, respectively (Fig. 5A, B), whereas Pl-P-PGS
scaffolds supported multiple layers of cells on the scaffold
surface (Fig. 5C). Interestingly, two distinct cellular
morphologies were observed—spread, spindle-like cells and
more spherical cells (Fig. 5C). Enhanced cellularity caused
by platelet coating was also reflected macroscopically, Pl-P-
PGS constructs contracted the most (Fig. 5D), likely because
larger numbers of exerted larger traction forces on the
scaffolds. To further investigate cell proliferation, DNA
quantification of the constructs was used (Fig. 5E). Platelet-
poor plasma and Pl-P coatings both significantly increased
cellularity compared to uncoated PGS at day 10 ( p < 0.01).
Additionally, Pl-P coating significantly improved cellular-
ity further than platelet-poor plasma alone ( p < 0.05), sug-
gesting that adding platelets to plasma coating enhanced
cell proliferation.

Platelets promote tissue formation

Constructs remodeled significantly during 21 days of
culture. Although all constructs showed more deformation
than day 10, Pl-P-PGS constructs deformed most drastically
(Fig. 6A). Further, the tissue wet weight measurement indi-
cated that the mean values of the weight ratio of biologic
tissues and construct were the highest for Pl-P-PGS, second
highest for P-PGS, and the lowest for PGS (Fig. 6B). How-
ever, no statistically significant differences in percent tissue
weight was detected, p = 0.098. H&E staining of the speci-
mens showed differences in cell distribution and scaffold
structure between the 3 groups (Fig. 6C, top panel). In PGS
and P-PGS scaffolds, multilayers of cells covered the scaffold
surface, with cells present within scaffold pores. Thicker cell
aggregates appeared to form on the surface of Pl-P-PGS

FIG. 7. (A–C) H&E, Masson’s trichrome, and von Kossa staining of PLGA constructs indicated calcification distributed
sparsely in the constructs (dark spots, indicated by arrows). 200 · , scale bars = 100 mm. (D–F) In contrast, staining for PGS,
P-PGS, and Pl-P-PGS showed no calcium deposition. 200 · , scale bars = 100mm. (G) Quantification of ALP activity in all groups
indicated that cells in PLGA scaffold have significantly higher ALP activity than those in all PGS groups, n = 4, **p < 0.01. PLGA,
poly(lactic-co-glycolic acid); ALP, alkaline phosphate. Color images available online at www.liebertonline.com/tea
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scaffolds. Masson’s trichrome staining revealed the presence
of collagen (blue) in the constructs (Fig. 6C, bottom panel).
Cells (brownish red) showed spindle morphology and were
surrounded by ECM. Increased cellularity in Pl-P-PGS was
further confirmed by image analysis with Nikon Elements
software to calculate cell density per unit area (Fig. 6D); Pl-P-
PGS constructs contained twice as many cells per unit area as
PGS constructs ( p < 0.01). P-PGS constructs also showed
*40% higher cell density than PGS ( p < 0.01). Further,
platelet treatment significantly improved cellularity over
platelet-poor plasma coating alone ( p < 0.05). Anti–von
Willebrand factor immunofluorescent staining revealed the

presence of platelets at 21 days culture in Pl-P-PGS scaffolds,
indicating their potential to affect tissue formation for long
periods of culture (Fig. 6E).

As Figure 7 indicates, osteochondrogenic differentiation
of BMNCs in PLGA scaffolds was shown by H&E, Mas-
son’s trichrome, von Kossa staining, and ALP activity.
Calcium deposition is evident in Figure 7C as dark spots
distributed throughout the constructs. After 14 days of in-
cubation, cells in PLGA scaffolds showed significantly
higher ALP activity than cells in PGS groups, p < 0.01. No
cells cultured on PGS scaffolds showed osteochondrogenic
differentiation.

FIG. 8. (A–F) Immunofluorescent staining with DAPI co-stain (blue) showed expression of a-SMA and calponin-I in all
constructs. (G–I) Constructs stained without primary antibodies (negative control) demonstrated nonspecific staining of PGS
with secondary antibodies and DAPI. Pl-P-PGS constructs had the strongest expression of a-SMA and calponin-I. ( J–L) SMCs
seeded in PGS scaffolds act as positive control. 200 · , scale bars = 50mm. (M) Western blotting confirms a-SMA and calponin-
I expression in all groups. b-actin protein levels were measured to show protein loading. a-SMA, a-smooth muscle actin;
SMC, smooth muscle cell. Color images available online at www.liebertonline.com/tea
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Immunofluorescent microscopy demonstrated expression
of SMC markers a-SMA and calponin-I in all PGS constructs
(Fig. 8A–F). Cell nuclei were counterstained with DAPI. The
large positive staining (blue) was due to adsorption to PGS
scaffold. As expected, cells were distributed predominantly
on scaffold outer surfaces and fewer cells were beneath the
scaffold surface. Many cells were a-SMA and calponin-I
positive, and stained similarly to the positive controls (SMC-
PGS constructs) (Fig. 8J, K). Positive staining of large areas
beneath the scaffold surface was due to nonspecific adsorp-
tion of secondary antibodies by PGS, as confirmed by neg-
ative controls prepared without primary antibodies (Fig. 8G–
I, L). Western blots confirmed the expression of calponin-I
and a-SMA in all PGS constructs, with P-PGS and Pl-P-PGS
displaying higher expression of calponin-I than PGS alone
(Fig. 8M). The expression of these SMC markers was con-
firmed by positive controls (SMC-PGS).

Moreover, the SMC-like cells also synthesized character-
istic vascular proteins collagen III and elastin in all constructs
(Fig. 9, DAPI counterstain). Collagen III was strongly ex-
pressed both at the surface and the interior of the constructs
(Fig. 9A–C). Elastin was also strongly expressed by cells in
all the constructs (Fig. 9D–F). In contrast to collagen, most of
the elastin was on the construct surface with weaker elastin
expression in the interior. As observed before, PGS scaffolds
showed strong nonspecific adsorption of DAPI and second-
ary antibodies as displayed in negative controls prepared
without primary antibodies (Fig. 9G–I). Quantification of
collagen and elastin per construct wet weight (Fig. 9 M, N)
showed that Pl-P-PGS constructs produced significantly
more collagen and elastin than PGS, P-PGS, and SMC-PGS
constructs ( p < 0.05). Without platelets, plasma treatment did
not significantly increase collagen ( p = 0.947) or elastin
( p = 0.516) content compared with untreated PGS. However,
DNA content in any of the BMNC groups is much higher
than that of the SMC-PGS group, and after normalization by
DNA content, the SMC-PGS group produced significantly
more collagen and elastin than any of the BMNC groups
( p < 0.05). The cell seeding density is identical in all groups;
thus, BMNCs proliferate faster than SMCs. Among the
BMNCs groups, only Pl-P-PGS group showed significantly
higher elastin content than the other groups ( p < 0.05), and
no significant difference was found in normalized collagen
expression among all BMNC-seeded groups (Fig. 9O, P).

Discussion

In vivo, differentiation is controlled mainly by the local
microenvironment/niche of stem cells. Therefore, a biomi-

metic microenvironment that can guide cell differentiation is
a very powerful tool in regenerative medicine.25 In this
study, we built an artificial niche for vascular tissue forma-
tion from BMNCs by combining the soft elastomeric PGS
and platelets and plasma. We found that diluted platelet-
poor plasma and platelets could be coated onto the porous
structure of the PGS scaffolds. Dynamic culture on PGS
scaffolds showed that (1) BMNCs grown in bare PGS scaf-
folds expressed characteristic SMC proteins, SMC morphol-
ogy, and secreted arterial ECM without adding growth
factors other than those contained in FBS; (2) pretreatment
with platelet-poor plasma significantly improved adhesion
to PGS scaffolds; (3) scaffolds coated with platelets signifi-
cantly enhanced proliferation of differentiated cells and total
ECM synthesis, including elastin synthesis, thereby acceler-
ating ECM formation.

Mechanical properties are important design criteria for
scaffolds in tissue engineering. It has been widely reported
that substrate mechanical properties affect the behavior of
cultured cells.13,26 This is particularly true in vascular
tissue engineering; our group previously reported that
seeding vascular cells onto PGS, a biodegradable elasto-
mer with mechanical properties similar to native arteries,
improved SMC expression of elastin and produced con-
structs with compliance more similar to native arteries
compared with constructs engineered from stiffer PLGA
scaffolds.17 BMNCs contain two known stem cells—
BMSCs and hematopoietic stem cells. Substrate stiffness
has also been shown to affect the differentiation of
BMSCs.13 BMSCs have been shown to differentiate into
both endothelial cells and SMCs using proper soluble
signals.11,27 On the other hand, hematopoietic stem cells
can also differentiate into ECs and SMCs under hypoxia
and proper growth factor signaling.28 A key finding in this
study is that the adherent population of BMNCs cultured
on PGS scaffolds without additional biochemical stimula-
tion induced expression of early and mid-stage SMC dif-
ferentiation markers (the only growth factors and other
bioactive molecules that may affect cell differentiation are
from FBS in the regular culture medium). In contrast,
BMNCs cultured on stiffer PLGA scaffolds presented os-
teochondrogenic differentiation, suggesting that substrate
stiffness may play a role in BMNC differentiation. Another
recent study also showed expression of osteochondrogenic
markers when BMSCs in PLGA scaffolds underwent per-
fusion culture, even without induction components.29 It
was shown that high-density seeding of BMSCs in Petri
dish favored chondrogensis in vitro,30 and bone marrow
cells in TCPS with the same cell density as on PGS constructs

FIG. 9. Immunofluorescent staining of extracellular matrix proteins in the constructs with DAPI co-stain. (A–F) All groups
were positive for collagen III and elastin staining throughout the constructs, including within pores (arrows). Pl-P-PGS
constructs (C and F) appeared to express more extracellular matrix protein than the other two groups. (G–I) Constructs
stained without primary antibodies (negative control) showed nonspecific staining of PGS with secondary antibodies and
DAPI. ( J–L) SMCs seeded in PGS scaffolds act as positive control. 200 · , scale bars = 50 mm. (M and N) Quantification of
collagen and insoluble elastin in constructs normalized to construct wet weight. Pl-P-PGS groups had significantly higher
protein expression than the other groups. SMC-PGS abbreviated as S-PGS in the figure, n = 4. *p < 0.05 (PGS vs. S-PGS),
**p < 0.05 (P-PGS vs. PGS), ***p < 0.05 (Pl-P-PGS vs. P-PGS). (O and P) Quantification of collagen and insoluble elastin in
constructs normalized by DNA content. The S-PGS group had higher collagen and elastin production than any other group.
No significant differences were detected in normalized collagen content among all the bone marrow mononuclear cells
groups. However, elastin/DNA in Pl-P-PGS group was significantly higher than the other groups. n = 4, **p < 0.05 (P-PGS vs.
PGS), ***p < 0.05 (S-PGS vs. P-PGS). Color images available online at www.liebertonline.com/tea
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underwent chondrogenesis upon the exposure to 10% FBS
(Supplementary Fig. S2).

We directly seeded BMNCs in the scaffolds without pro-
liferation in Petri dishes to avoid repeated enzymatic diges-
tion, reduce culture time, eliminate the cost of additional
growth factors, and circumvent potential effects of stiff
substrates on cell differentiation. A potential disadvantage of
direct scaffold seeding is the reduced cell proliferation.
However, if cells can proliferate well within scaffolds, this
disadvantage will be mitigated. Further, bone marrow can be
obtained in large quantities from iliac crest and tibia clini-
cally, and has been widely used for reconstruction of critical-
sized bone defect. Frittoli et al. reported that bone marrow
aspirated from human iliac crest contains *10–20 million
BMNCs per mL.31 Therefore, 10 mL of bone marrow aspirate
is sufficient to construct a 10 cm graft with a 5 mm internal
diameter according to the cell seeding density in the present
study. Obtaining 10 mL bone marrow aspirates from human
is highly feasible. Interesting questions that remain to be
answered are whether the BMNC cell subpopulations cap-
tured by PGS are different from those captured by tissue
culture plastic or bioceramics, and whether substrate elas-
ticity influences cell adhesion in the absence of substrate
strain.

Incorporating biochemical signals into scaffolds is a
strategy often used in tissue engineering to influence the
behavior of seeded cells. Platelet-mediated biochemical sig-
nals affect a variety of cell types.21 In vivo, platelets initiate
thrombosis and mediate the wound healing cascade.32 Pla-
telets promote vascular repair by releasing growth factors,
including stem cell-derived factor-1a and vascular endothe-
lial growth factor to recruit circulating EPCs.19,20 Platelets
guide recruited EPC differentiation cooperatively with fi-
brin.33 Platelet-rich plasma and platelet lysate promoted the
proliferation and differentiation of BMNC-derived cells both
in vitro and in vivo.34–36 We coated PGS scaffolds with
platelets and found that platelets improved cell proliferation.
Consequently, total synthesis of collagen and elastin was
enhanced in the P-Pl-PGS construct. We also found that en-
richment with plasma or plasma and platelets did not in-
crease collagen production normalized to DNA in the
constructs, which was similar to less collagen production of
SMCs in PGS scaffold.17 It is well known that elastin pro-
duction in vitro is generally low in tissue-engineered blood
vessels.37 Our previous study showed that elastin production
of SMCs was enhanced significantly in PGS scaffold as
compared with PLGA.17 Consistent with this, we found that
BMNCs could produce a significant amount of elastin in PGS
scaffolds, which indicated that PGS could be a suitable
scaffold for stem and progenitor cell-based vascular tissue
engineering. Further, we found that Pl-P-PGS group had
higher elastin content than P-PGS group, which indicated
that platelet addition enhanced elastin production, but
plasma did not contain sufficient biological cues to improve
ECM production. Tranquillo and colleagues and Kim et al.
demonstrated that transforming growth factor b1 increased
elastin synthesis in three-dimensional cultures of SMCs.37,38

Our results are consistent with prior literature report on the
importance of growth factors on elastin production because
platelets contain many growth factors, including transform-
ing growth factor b1.21 The elastin content in various BMNC-
PGS groups normalized by DNA was significantly lower

than the reported values for SMC culture (89 mg/mg DNA)39

and our own results of SMC-GPS group. This could be a
consequence of lower number of differentiated SMCs or an
immature phenotype of SMCs. Further research will have to
be conducted to tease this out. Colazzo et al. recently re-
ported that adipose-derived progenitor cells could sense
mechanical stimulation and produce elastin when the sub-
strate was stretched.40 It is possible that cell differentiation
will be further enhanced by proper mechanical stimulation in
our system as well.

We expected that pretreatment with Pl-P would further
improve cell capture because platelets and fibrin coopera-
tively mediate cell adhesion in vivo.33 This could be attrib-
uted to the differences between cell adhesion dynamics in
our in vitro study compared with in vivo conditions. Previous
studies have demonstrated that platelets promote os-
teochondrogenesis of BMSCs in vitro and in vivo,41–43 but
osteochondrogenesis did not occur in PGS constructs. Our
results indicate that platelet-induced differentiation might be
coupled with signals from substrate mechanical properties.
We noticed that platelets did not significantly increase the
wet weight of tissue (Fig. 6E; p = 0.098) in our study. The lack
of difference in statistics is likely caused by the small size of
the construct or the limited number of samples (n = 3). A
larger sample size would be preferable; however, our sample
size was limited by the availability of rat bone marrow.
Further studies using bone marrow from large animals or
humans will mitigate this limitation and allow larger sample
sizes and more thorough examination of potential differ-
ences among the groups.

There is no significant difference in seeding efficiency be-
tween Pl-P-PGS and P-PGS (Fig. 4G). Protein coating is a
common and simple method to affect cell adhesion and be-
havior. Sales et al. found that coating PGS with different
ECM proteins altered the phenotype and ECM production of
EPC.18 Platelet-poor plasma, which contains a wide variety
of bioactive molecules, including coagulation proteins,43 is
an attractive source for protein precoating because it can be
harvested simply and autologously from peripheral blood. In
particular, plasma fibrinogen can polymerize to fibrin on
biomaterial surfaces, and fibrin mediates a variety of cellular
behaviors, including adhesion, proliferation, and migra-
tion.26,44 In this study, we found that platelet-poor plasma
significantly improved cell seeding efficiency (Fig. 4) and
proliferation (Figs. 5E and 6D) on PGS scaffolds. In vivo, fi-
brin mediates cell adhesion directly by providing binding
sites (RGD, RGDF, Mac-1 binding domains), and indirectly
by promoting adhesion related behaviors.45 Consequently,
we speculate that the deposition of plasma components im-
proved BMNC capture. Improved proliferation in P-PGS
constructs may be due in part to the degradation products of
plasma fibrin. Recent work has shown that fibrin degrada-
tion products improve the proliferation of entrapped vas-
cular SMCs.46

Two methods of cell quantification were used in this
study: crystal violet was used to count nuclei, which is a
more precise measure of cell numbers. However, it is very
difficult to free all the nuclei from long-term culture samples
because of the large size of nuclei. Thus, for long-term cul-
ture, DNA content was used as an indicator of cell numbers.
One limitation of this study is that the effects of platelets
cannot be uncoupled from the effects of plasma. We did not
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isolate platelets from plasma because we found that platelets
became activated during centrifugation (thereby releasing
many microvesicles containing growth factors), and the ad-
ditional washing and resuspension steps required to separate
platelets from plasma residue are likely to remove a signifi-
cant amounts of growth factors.

Conclusions

We created an artificial niche for vascular differentiation
of BMNCs by combining platelet-poor plasma, platelets, and
PGS. Our study demonstrates that biomaterial mechanical
properties and tissue repairing signals from both plasma and
platelets can cooperatively guide BMNCs into smooth-mus-
cle-like cells with phenotypic marker expression and char-
acteristic ECM synthesis. Future study will use tubular
scaffolds and investigate the effect of pulsatile distension and
shear stress on construct properties. Further, the interaction
between hematopoietic stem cells and PGS will be thor-
oughly investigated. We believe that this artificial niche
could lead to a new approach in artery engineering using this
direct BMNC seeding strategy.
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