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A major drawback of mechanical and prosthetic heart valves is their inability to permit somatic growth. By contrast,
tissue-engineered pulmonary valves potentially have the capacity to remodel and integrate with the patient. For this
purpose, adult stem cells may be suitable. Previously, human periodontal ligament cells (PDLs) have been explored
as a reliable and robust progenitor cell source for cardiac muscle regeneration (Pelaez, D. Electronic Thesis and
Dissertation Database, Coral Gables, FL, May 2011). Here, we investigate the potential of PDLs to support the valve
lineage, specifically the concomitant differentiation to both endothelial cell (EC) and smooth muscle cell (SMC) types.
We were able to successfully promote PDL differentiation to both SMC and EC phenotypes through a combination of
stimulatory approaches using biochemical and mechanical flow conditioning (steady shear stress of 1 dyne/cm2),
with flow-based mechanical conditioning having a predominant effect on PDL differentiation, particularly to ECs; in
addition, strong expression of the marker FZD2 and an absence of the marker MLC1F point toward a unique
manifestation of smooth muscle by PDLs after undergoing steady-flow mechanical conditioning alone, possible by
only the heart valve and pericardium phenotypes. It was also determined that steady flow (which was performed
using a physiologically relevant [for heart valves] magnitude of *5–6 dynes/cm2) augmented the synthesis of the
extracellular matrix collagen proteins. We conclude that under steady-flow dynamic culture environments, human
PDLs can differentiate to heterogeneous cell populations that are relevant to heart valve tissue engineering. Further
exploration of human PDLs for this purpose is thus warranted.

Introduction

Several investigations have shown the potential of
adult stem cells for treating vascular injury and disease

through tissue engineering and regenerative medicine.1–4 In
many cases, progenitor cells are taken from the bone mar-
row. The Mayer group5 found promising results, creating
pulmonary valve leaflets and sections of the main pulmo-
nary artery utilizing bone marrow-derived stem cells
(BMSCs). These tissue-engineered heart valves (TEHVs)
were nonthrombogenic, promote tissue remodeling, and
were found to be durable at the time of explant, 4–8 months
after implantation.5 Their sustained functionality during that
timeframe provided a positive outlook for TEHV-related
research. Yet, the current critical challenges that still remain
are to identify a clinically viable autologous cell source, a
scaffold with the suitable mechanical and biodegradable

properties, an optimized in vitro conditioning system, and a
way to track the functional stability of the TEHV implant to
successfully move forward from in vitro to in vivo studies,
and subsequently to clinical trials.6

While a variety of clinically relevant primary cells and
stem cells continue to be investigated in the context of
TEHVs, one promising source that has received less attention
is periodontal ligament cells (PDLs), which consist of a het-
erogeneous population of cell types, including cells of mes-
enchymal origin.7 Clinically, PDLs can be obtained from
adult wisdom teeth; developmentally, they derive from the
fetal cranial neural crest.8 The primary motivation for using
PDLs in tissue engineering is that these cells express a
number of important pluripotent stem cell markers (Nanog,
Oct4, Sox2, Klf4, SSEA-1, and SSEA-4),8,9 suggestive of
enhanced pluripotency over other adult stem cells, and a
comparable differentiative capacity to that of embryonic
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stem cells (ESCs). Moreover, they have demonstrated a
strong affinity to differentiate toward cardiovascular cell
lineages such as cardiomyocytes.10 In this context, it would
seem plausible that another application of PDLs would be in
heart valve tissue engineering, in particular owing to their
ability to potentially support both the endothelial cell (EC) and
smooth muscle cell (SMC) phenotypes,8,11,12 which are innate
to heart valves. In addition, it should be pointed out that
roughly 30% of the cellular make-up of native heart valves
consists of cells that are interstitial in nature, and it is these
cells that facilitate continuous remodeling activity to occur
throughout adulthood, a critical component to healthy valve
functioning.13 From this perspective, PDLs are attractive for
heart valve tissue engineering, because they, in theory, possess
the necessary embryonic markers to promote continuous valve
remodeling, yet are not actually embryonic cells, therefore
exempting them from moral, ethical, or legal considerations.

It is known that several growth factors, such as the vas-
cular endothelial growth factor (VEGF), and mechanical
stimulation, including fluid-induced shear stresses, support
the endothelial phenotype14–17 and result in improvement of
the physical integrity of engineered heart valves before im-
plantation.5,6,18–20 Owing to their ESC-like characteristics,
availability as a practical, single cell source, and given that
these cells can be easily culture expanded, the purpose of this
study was to evaluate the utility of PDLs for heart valve
tissue engineering under in vitro, dynamic culture environ-
ments. Specifically, we combined the use of biochemical
stimulants and steady flow-based mechanical conditioning
to effectively differentiate PDLs into the EC and SMC phe-
notypes. Additionally, we evaluated synthesis of the extra-
cellular matrix collagen by the PDL after exposure to steady-
flow mechanical conditioning.

Methods

Cell culture

SMCs and ECs. Human vascular cells (pulmonary ar-
tery SMCs and ECs; Fisher Scientific) were cultured and
expanded under a regular basal medium containing
Dulbecco’s Modified Eagle Medium (DMEM) high glucose
(Invitrogen), 10% fetal bovine serum (FBS; ATCC), and 1%
penicillin/streptomycin (ATCC).

Periodontal ligament cells. Periodontal ligament-derived
stem cells were isolated as described previously.8 Briefly,
human periodontal ligaments were harvested from impacted
wisdom teeth that were collected from patients (age < 25-
years old) at the Dental Clinic of the Miami VA Medical
Center with their informed consent, according to our ap-
proved institutional review board (IRB) protocols. The peri-
odontal ligaments from different teeth of the same donor were
pooled and finely chopped, and cells were released by over-
night digestion at 37�C in a high-glucose DMEM supple-
mented with 10% FBS, 1% antibiotic–antimycotic, 400 U/mL
collagenase type I (Worthington Biochemical Corp.), and 1%
trypsin/ethylenediaminetetraacetic acid (EDTA) solution
(Invitrogen).10 Single-cell suspensions were then obtained by
passing the resulting digestion through a 40-mm cell strainer
(BD Biosciences). The cells were culture-expanded under a
regular basal medium containing DMEM high glucose, 10%
FBS, 1% penicillin/streptomycin (ATCC). Note that FBS was

incorporated in the digestion protocol due to previously ob-
tained low viability of the cells from overnight digestion
without serum. We observed that the inclusion of FBS sig-
nificantly increased the yield of viable cells recovered from
digestion. Since 2009, 8 cell lines with the characteristic phe-
notypic expression have been isolated using the 10% FBS di-
gestion protocol.8 As to the potency of trypsin, the
inactivation of trypsin by serum is specifically caused by the
alpha-1-antitrypsin (A1AT) protease inhibitor; however, the
FBS that was employed here was heat inactivated, which
would denature all enzymatic protease inhibitors, including
A1AT. For this reason, we do not anticipate that the FBS
utilized for our work would permanently inhibit the trypsin
activity. In addition, even if trypsin activity was partially
compromised by FBS, the intended use of trypsin/EDTA
herein was not intended for the direct digestion of the tissue,
but rather for the increase in the yield of single cells in the final
suspension. Based on our experience with this digestion, the
use of collagenase alone yields sheets or clumps of cells that
are extremely difficult to get into adherent cultures. The ad-
dition of trypsin/EDTA renders a much higher yield of single,
colony-forming, and adherent cells.

Cell differentiation

After PDLs had reached *95% confluency, they were
separated into four groups, cultured for a period of 1 week,
and were categorized as follows at a cell density of 1 · 106

cells/cm2 per group. Group 1—negative control: PDLs
were cultured in a basal medium containing DMEM high
glucose, 10% FBS, and 1% penicillin/streptomycin. Group 2–
differentiating medium: PDLs were exposed to a cocktail
medium formulation (hereafter referred to as the cocktail-
differentiating medium) believed to induce SMC and EC dif-
ferentiation as a similar version of the mixture had been
effective in differentiating PDLs into cardiomyocytes.8,10 The
cocktail-differentiating medium contains the regular basal
medium, as well as 10 ng/mL of vascular endothelial growth
factor (VEGF) (BD Biosciences), 25 ng/mL of basic fibroblast
growth factor (bFGF) (Invitrogen), 10 ng/mL of insulin-like
growth factor (Invitrogen), 10mM of 5-azacytidine (Sigma-
Aldrich), 100 nM ascorbic acid (Sigma-Aldrich), 10 nM oxytocin
(Sigma-Aldrich), and 10 nM hydrogen peroxide (Sigma-
Aldrich). The cocktail-differentiating medium was changed
every day during the 7-day period, with the exception of the
hydrogen peroxide, which was added daily. Group 3–steady
flow only: PDLs were subjected to a steady shear flow (1 dyne/
cm2) while being cultured dynamically (Bioflux200 system;
Fluxion Biosciences) (Fig. 1) under a regular basal medium.
Group 4–cocktail-differentiating medium and steady flow: this
group combined the cocktail medium and the steady shear
flow (1 dyne/cm2, Bioflux200 system; Fluxion Biosciences). As
a positive control, both human pulmonary artery ECs and
SMCs were cultured separately using a regular basal medium.

RNA isolation, reverse transcription,
and quantitative real time-polymerase chain reaction

After a 1-week period of culturing cells under the differen-
tiating medium, cells from the four separate groups were
subjected to quantitative real time-polymerase chain reaction
(qRT-PCR) as previously described21 to determine differen-
tiation to the SMC and EC cell phenotypes. The cells from all
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groups were rinsed with PBS and detached from the T-75-cm2

flasks (Fisher Scientific) by 0.25% trypsin/EDTA. Cell pellets
were collected in a 15-mL conical tube (Fisher Scientific). The
pellet was transferred to a 1.5-mL RNase-free tube to perform
the RNA isolation procedure. mRNA was purified with the SV
Total RNA Isolation System (Promega). A weight of 1mg of
total mRNA was used for reverse transcription reaction with
the GoScript� Reverse Transcription System (Promega). The
cDNA was synthesized using an oligo(dT)15 primer, according
to the manufacturer’s instructions.

Quantitative RT-PCR was performed using the GoTaq�

qPCR Master Mix (Promega). Signals were detected with a
Step-One Real-Time PCR System (Applied Biosystems). The
PCR tube contained two primers and SYBR� green I dye
reagent along with the cDNA, a product of reverse tran-
scription mentioned above. The primers (Table 1) were de-
signed to amplify the target sequence, with a majority of
sequences obtained using the Basic Local Alignment Search
Tool (BLAST) program, National Center for Biotechnology
Information (NCBI), except for the markers FZD2 and
MLC1F, which were obtained from Brand et al.22 The sample
tube was held at 95�C, 2 min before the cycle started to ac-
tivate the Taq polymerase. The cycling parameters were

95�C, 5 s; 60�C, 45 s; 95�C, 15 s. In this manner, the relative
expression of a number of ESC, SMC, EC, osteogenic,
chondrogenic, and collagen types 1 and 3 markers were
determined for each of the four groups defined earlier (in the
Cell differentiation section).

The change in cycle threshold (DCt) values were averaged
and normalized with GAPDH using the DDCt method.21

Fold changes were calculated as 2 -DCt, and the gene ex-
pression ratio of each of the four groups (negative control,
differentiating medium, BioFlux, and differentiating medium
and BioFlux) was plotted (Fig. 2).

Cell seeding

A nonwoven 50:50 blend of polyglycolic acid (PGA) and
poly-l-lactic acid (PLLA) scaffold (Biofelt) was utilized for
cell seeding.5 The scaffold has an approximate fiber diameter
of 0.012–0.015 mm and a density of 61.75 mg/mL. The
PGA:PLLA scaffold was previously utilized in tissue engi-
neering experiments that demonstrated rapid cell growth
and an organized three-dimensional (3D) tissue structure.6

Rectangular scaffold samples (n = 12) of dimensions (17 ·
6 · 1 mm) were subjected to ethylene oxide gas sterilization
(AN 306, Anprolene; Andersen Products, Inc.) for 12 h.
After the sterilization period, each sample was placed in a
hybridization tube and seeded with PDLs at a density of
2 · 106 million cells per cm2. The hybridization tubes (n = 12)
were then placed on a rotisserie (Fisher Scientific) and
rotated at 8 rpm inside a standard cell culture incubator
operating at 37�C and 5% CO2 for 1 day with an addition
of 7 days (static culture). The basal medium was used
identical to the medium described for Group 1 in the cell
differentiation studies.

Tissue engineering experiments

The steady-flow mechanical conditioning for the seeded
scaffolds was performed in an U-shaped bioreactor.6,23–28

This bioreactor is capable of replicating physiological he-
modynamic conditions during in vitro tissue development,
which may play an essential role in engineered heart valve
tissue formation.24,25 After culturing of the scaffolds (n = 6)
statically for a total of 8 days, they were separated into two
groups: static and flow. Scaffolds (n = 3/group) were then
cultured for a 2-week period in static and dynamic conditions
(22 days of total culture time). Dynamic culture experiments
of specimens housed in the U-shaped bioreactor were sub-
jected to a continuous flow rate (850 mL/min), which pro-
vided physiologically relevant shear stress magnitudes for
aortic heart valves, in the upper limit range of *5–6 dynes/
cm2.26 All experiments utilized only the basal medium de-
scribed for Group 1 in the cell differentiation studies.

Histology

After 22 days of tissue culture, the PDL-seeded 50:50
nonwoven blend of PGA:PLLA scaffolds (17 · 6 · 1 mm)
were fixed in 10% formalin for 24 h. The samples were
then dehydrated, paraffin-embedded, and cut into 5-mm-
thick serial slices. Sections were subsequently stained with
hematoxylin and eosin for morphology as previously
described.6,29

FIG. 1. (a) Microfluidic component of a shear stress cell
assay system (Bioflux200 system; Fluxion Biosciences), which
permitted steady-flow conditioning of PDL monolayers. (b)
Medium originating from an input well is made to flow
continuously over the cell monolayer using a pneumatic
pump controller, and which eventually exits to an output
well. A precoating of the channel surface with a gel material
(rat tail tendon collagen; Roche Applied Science) ensured
that the cells were strongly adhered (figures presented here
with permission from Fluxion Biosciences). PDL, periodontal
ligament. Color images available online at www.liebert
pub.com/tea
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DNA quantification

DNA was quantified after 22 days of culture (n = 3 speci-
mens/group) as described previously.6 In brief, for each as-
say, thin samples (8 · 7 · 1 mm) were cut from PDL-seeded
scaffolds (controls and scaffolds exposed to flow) along their
long axis and weighed before extraction. Each sample was
then placed in a microcentrifuge tube and extracted in 1 mL
of 0.125 mg/mL papain solution for 10 h in a 60�C water
bath. The 0.125 mg/mL papain solution must made imme-
diately before use by adding l-cysteine dihydrochloride
(Sigma-Aldrich) to a phosphate-buffered EDTA solution
(PBE; Sigma-Aldrich) to a concentration of 10 mM, adding
papain (minimum 10 units/mg [P4762]; Sigma-Aldrich) to a
concentration of 0.125 mg/mL. The PBE solution was made
beforehand by adding sodium phosphate dibasic (Sigma-
Aldrich) and EDTA (Sigma-Aldrich) to deionized water
at concentrations of 100 and 10 mM, respectively. The PBE
solution was balanced to pH 6.5 with 0.5 N hydrochloric acid
(Sigma-Aldrich) and sterile filtered using a vacuum filtra-
tion unit (0.2-mm polyethersulphone (PES) membrane; Nal-
gene Labware). The extracts were then assayed using the
PicoGreen double strand DNA quantitation kit (Invitrogen)
as per the manufacturer’s instructions and using a Synergy
HT Microplate Reader (Biotek).

Extracellular matrix quantification

Collagen and sulfated glycosaminoglycans (S-GAGs) were
assayed (n = 3 specimens/group) following a similar tech-
nique previously used.6 For the collagen assay, thin samples
(8 · 7 · 1 mm) were cut from PDL-seeded scaffolds (controls
and scaffolds exposed to flow) along their long axis and
weighed before extraction. Total collagen was extracted from
samples using a solution of 0.5 M acetic acid (Sigma-Aldrich)

and pepsin (1 mg/mL; Sigma-Aldrich). Each sample was
placed in a microcentrifuge tube and incubated in 1 mL of
extraction solution on an orbital shaker (Labquake; Thermo
Scientific) at 4�C for 16 h. For the S-GAG assay, the same
extract used for the DNA assay was utilized. Subsequent to
the extraction procedure, the collagen and S-GAG extracts
were assayed following the protocols of the manufacturer
provided by the Sircol and Blyscan assay kits. (Biocolor Ltd.)
using a Synergy HT Microplate Reader (Biotek).

Statistical analysis

Statistical analysis was performed utilizing the statistical
package for the social science (SPSS) Software Version 16.0
(IBM, Armonk, NY) for the independent t-tests used to assess
significance levels between the different groups in the collagen,
S-GAG, and DNA assays (n = 3 samples/group). A statistically
significant difference between groups was interpreted to occur
at a probability value of p < 0.05 in all comparisons made.

Results

Cell morphology and phenotype

After 22 days of tissue culture, human PDLs in an elon-
gated morphology (roughly 30mm in length) were observed
to be spatially dispersed (Fig. 2a) among eosinophilic struc-
tures and among the presence of the PGA:PLLA scaffold
fibers (typical fiber diameter *12 mm).

It was determined that the highest level of expression
for both SMC (beta-1-integrin and Thy1) and EC (PECAM1,
FLK-1, and VE-cadherin) genes was produced from RNA
extracted from Groups 3 and 4, that is, when PDLs were
exposed to a flow component in the BioFlux system at a
steady shear stress of 1 dyne/cm2 (Fig. 2b). Other markers

Table 1. Quantitative RT-Polymerase Chain Reaction Primer Sequences Utilized in This Study

Gene Forward primers (5’-3’) Reverse primers (5’-3’)

GAPDH AATGAAGGGGTCATTGATGG AAGGTGAAGGTCGGAGTCAA
Oct4 CTCCTGAAGCAGAAGAGGATCAC CTTCTGGCGCCGGTTACAGAACCA
SOX2 TGCAGTACAACTCCATGACCA GTGCTGGGACATGTGAAGTCT
NANOG GTCTTCTGCTGAGATGC AGTTGTTTTTCTGCCACC
KLF4 ACGATCGTGGCCCCGGAAAAGGAC TGATTGTAGTGCTTTCTGGTGGGCTCC
nestin GCCCTGACCACTCCAGTTTA GGAGTCCTGGATTTCCTTCC
SLUG TGCTACACAGCAGCCAGATTCC TTTCTGGGCTGGCCAAACAT
p75 CTGCAAGCAGAACAAGCAAG GGCCTCATGGGTAAAGGAGT
SOX10 TCTTGTAGTGGGCCTGGATGG TGAACGCCTTCATGGTGTGG
Integrin-b1 CCTACTTCTGCACGATGTGATG CCTTTGCTACGGTTGGTTACATT
THY1 TCGCTCTCCTGCTAACAGTCT CTCGTACTGGATGGGTGAACT
PECAM1 CCAAGGTGGGATCGTGAGG TCGGAAGGATAAAACGCGGTC
FLK1 GGCCCAATAATCAGAGTGGCA CCAGTGTCATTTCCGATCACTTT
VE-cadherin GATCAAGTCAAGCGTGAGTCG AGCCTCTCAATGGCGAACAC
TIE-1 TCGAGCGGCATCTACAGTG GCACGATGAGCCGAAAGAAG
FZD2 CGGCCCCGCAGCGCCCTGCCC ACACGAACCCAGGAGGACGCAGGCC
MLC1F GAGTTCTCTAAGGAACAGCAGG CTGCGTGTCTTTGACAAGGAAGGCAATGG
ALP GTTGCCAAGCTGGGAAGAACAC CCCACCCCGCTATTCCAAAAC
osteocalcin CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACACAAAG
COL1A1 TACCATGACCGAGACGTGTG ATAAGACAGCTGGGGAGCAA
COL2A1 AGACTTGCGTCTACCCCAATC GCAGGCGTAGGAAGGTCATC
COL3A1 GACATCGAGGATTCCCTGGT CCAATCCCAGCAATGGCAG

All sequences were obtained using the BLAST program, National Center for Biotechnology Information (NCBI), except for the markers
FZD2 and MLC1F, which were obtained from Brand et al.22

RT, real time.
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that were strongly expressed after steady flow conditioning
(Group 3 versus Groups 1 and 2) was introduced were Sox2,
KLF4, FZD2, and COL3A1, while the embryonic marker,
Oct4, was only highly expressed in Group 4 (Fig. 2b, c). A
number of additional markers (nestin, MLC1F, COL1A1,
COL2A1, and ALP) were either negligible or absent in all the
groups tested (Fig. 2d).

DNA and extracellular matrix quantification
for PDL-seeded scaffolds

DNA was quantified in the same way as for the SMC-EC-
seeded scaffolds. A seeding density of 2 · 106 cells/scaffold
was utilized. Based on a reported value of 7.6 pg of DNA
content/cell,6 there was an average initial DNA content of

13.68 mg/scaffold. After 22 days of tissue culture, the DNA
concentration decreased to 4130 ng/g (69.8%) wet weight in
the static group and to 8830 ng/g wet weight (35.5%) in the
group exposed to steady flow (Fig. 3a); these differences
were found to be significant ( p < 0.05). At the conclusion of
22 days, the PDL-seeded scaffolds exposed to flow were
found to have a collagen concentration of 400.2 – 13.2 mg/g
wet weight compared with 207.8 – 10.2 mg/g wet weight in
the static group (n = 3) (Fig. 3b). This amounted to an *93%
increase in collagen content in the flow group ( p < 0.05). On
the other hand, the S-GAG concentration was found to be
296.0 – 15.6 mg/g wet weight in the group exposed to flow,
compared to 307.5 – 15.6 mg/g wet weight in the control
group. This represented a 3.7% decrease in the GAG pro-
duction from the scaffolds exposed to flow in comparison to

FIG. 2. (a) Hematoxylin and eosin (H&E)-stained section of PDLs seeded in a nonwoven 50:50 blend of polyglycolic
acid–poly-l-lactic acid scaffold showing the distribution of cells within the three-dimensional culture environment. (b) qRT-
PCR-derived expression (average – standard error of the mean [SEM]) of PDLs for assessment of embryonic stem cell markers.
Group 1: Cells cultured in regular basal medium. Group 2: Cells cultured in differentiating medium. Group 3: Cell cultured in
basal medium and exposed to 1 dyne/cm2. Group 4: Cells cultured in differentiating medium and exposed to 1 dyne/cm2.
Each column is normalized by GAPDH. (c) Same analysis as part (b) repeated for smooth muscle cell and endothelial cell
markers. (d) Same analysis as part (b) repeated for osteogenic, chondrogenic, and collagen type 1 and 3 markers. The initial
sample size was an n = 4 wells of standard-sized 8-well plate/group. However, to enable sufficient detection limits for qRT-
PCR analysis, specimens were pooled into an n = 2–3 samples/group with an r = 2–3 measurements/sample. qRT-PCR,
quantitative real-time-polymerase chain reaction. Color images available online at www.liebertpub.com/tea
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the static controls, which was not found to be significant
( p > 0.05).

Discussion

Over the past decade, the potential of BMSCs to provide
regenerative treatment strategies in cardiac disease has been
investigated.16,18,23–25 Studies have found that BMSCs dif-
ferentiate in vitro to cardiomyocytes28,30 and SMCs26,31–33;
however, there has not yet been clear evidence of BMSC
differentiation to endothelial lineages when seeded on fi-
brous scaffolds, under biomechanical environments. ESCs,
on the other hand, possess the ability to differentiate to
cardiac phenotypes, including both SMCs and ECs.11,12 As
an alternative to BMSCs and ESCs, in our study, we utilized
PDLs, because subpopulations of this cell lineage have been

shown to express ESCs markers (Oct4, Sox2, NANOG, KLF4,
SSEA-1, and SSEA-4), therefore exhibiting a higher differ-
ential potential in comparison to other mesenchymal stem
cell lineages.8 Owing to their more primitive state, PDLs offer
the possibility to differentiate into neurogenic (ectoderm),
cardiomyogenic, osteogenic, and chondrogenic (mesoderm)
cell lineages, suggesting extensive pluripotency capacities. To
date, the only pluripotent stem cells with the ability to
differentiate into the three germ layers (ectoderm, mesoderm,
and endoderm) are ESCs and induced pluripotent stem cells
(iPS). However, based on recent findings,8 PDLs explicitly are
of interest clinically due to their ability to be derived from an
adult cell source without the risk of teratoma formation. These
properties make PDLs an especially attractive cell source for
cardiovascular tissue-engineering therapeutics for use in
applications such as severe congenital heart valve disease and
anomalies, and potentially in the context of our studies for
heart valve tissue engineering.

We found that flow conditioning permits relative strong
expression of Sox2 and KLF4, whereas strong Oct4 expres-
sion was possible only under combined steady flow and
growth factor conditions (Fig. 2b). Nanog expression was
negligible in all the groups. However, pluripotency potential
could still be maintained through the strong expression of
KLF4, that is, to both self-renew and differentiate.34 In ad-
dition, we also note the importance of incorporating steady
flow in heart valve tissue engineering efforts involving PDLs,
since self-renewal will be further regulated by Sox2 expres-
sion,35 whereas the sustained use of the cocktail medium in
the steady-flow environments would further serve to facili-
tate periodontal progenitor cell self-renewal by strong ex-
pression of Oct4.36

We investigated a number of genetic markers for SMCs
namely integrin, beta1, THY1, FZD2, and MLC1F as well as
for the EC genes, PECAM1, FLK1, and VE-cadherin. In brief,
the function of these essential genes is as follows: integrin,
beta1 is involved in cell adhesion and processes such as
embryogenesis and tissue repair. THY1 is a regulator of cell–
cell and cell–matrix interactions in adhesion, migration, and
fibrosis. FZD2 is developmentally regulated and is found to
be expressed in heart valve, skin, and pericardium; on the
other hand, MLC1F is a smooth muscle marker uniquely
expressed only by skin. PECAM1 is involved in leukocyte
migration, angiogenesis, and integrin activation. FLK1 func-
tions as a signaling protein for VEGF, whereas TIE1 is a cell
surface angiopoietin receptor. Lastly, VE-cadherin is neces-
sary for proper vascular development.

In our study, culturing the cells with the cocktail medium
and dynamic conditioning by means of an applied, steady
fluid-induced shear stress (1 dyne/cm2) had a notable effect
in the PDL gene expression of EC and SMC phenotypes (i.e.,
Group 4, compared to the no flow Groups, 1 and 2). Inter-
estingly, we found that fluid shear stress had a much more
dominant effect in comparison to biochemical stimulants in
differentiating PDLs toward the valve phenotype; in partic-
ular, EC markers (PECAM1, FLK1 and VE-cadherin) were
strongly expressed under steady-flow-only conditions
(Group 3) by the PDLs, thereby suggesting that the fluid-
induced mechanical stimulation of PDLs alone promotes
further EC differentiation and is biomimetic in the context of
native ECs that require flow to maintain normostatis. This
result again indicates the importance of fluid-induced shear

FIG. 3. (a) DNA and (b) extracellular matrix (glycosami-
noglycan [GAG] and collagen) quantification of PDL-seeded
scaffolds after 22 days of incubation in basal medium. Flow
group was subjected to *5–6 dynes/cm2 over 14 days, fol-
lowing 8 days of static incubation. Extracellular matrix con-
tent derived from PDL-seeded scaffolds. Values shown in
both parts (a) and (b) are the mean while the error bars
represent SEM; (n = 3, r = 5). Insignificant comparisons are
designated by N.S. The group exposed to flow exhibited a
93.3% significant increase in collagen content compared to
the static group ( p < 0.05, n = 3, r = 5).
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stresses in the regulation of PDLs and as a necessary com-
ponent to research protocols aiming to regenerate cardio-
vascular or engineered valve tissues from PDLs. We note
that eventually, it appeared that more complete EC differ-
entiation was possible under combined biochemical and flow
states. Specifically, strong expression of TIE1 in addition to
PECAM1, FLK1, and VE-cadherin was expressed under these
coupled states, thus indicating the unique interplay of me-
chanical and biochemical factors necessary for further
transformation of PDLs toward the EC phenotype.

The SMC genes, integrin, beta1 and THY1, were upregu-
lated in PDLs under steady-flow states, without requiring
growth factors. It is not entirely surprising that integrin, beta1
and THY1, SMC-related genes, were expressed in the PDLs
as they have been observed in undifferentiated PDLs.33 This
could be due in part to the association of stem cells in gen-
eral, to pericytes that display certain SMCs properties.37

These qRT-PCR results are suggestive that, in conjunction
with collagen assay results, the application of fluid shear
stress to PDLs can enhance differentiation toward a pheno-
type that warrants interest in heart valve tissue engineering.
In addition, our biochemical studies confirmed that flow-
based steady-flow conditioning is critical in preserving cel-
lular DNA in growing tissues in vitro and in promoting ro-
bust collagen extracellular matrix synthesis by the PDLs. To
further reinforce these findings, we found that strong ex-
pression of FZD2 was possible only when a steady-flow
component was added to the protocol, whereas MLC1F was
absent in all the groups, thereby excluding the skin pheno-
type (Group 3, Fig. 2c). This provides greater confidence that
the PDLs were able to express the smooth muscle phenotype
more characteristic of valves and cardiovascular tissues ra-
ther than generic smooth muscle after exposure to steady
flow, a critical observation that, to our knowledge, has never
been reported to date. Nonetheless, further analysis of cell
markers is still necessary to explicitly demonstrate that the
PDLs exhibited unique EC and valve interstitial cell charac-
teristics (e.g., such as examining TnT markers).22

We examined COL1A1 and COL3A1 markers (Fig. 2d)
and found a strong presence of isoform 3, but an absence of
type 1 collagen expression in the PDL samples that were
cultured in two-dimensional (2D) monolayer, in all 4 groups,
after 7 days. We note however that 3D scaffold environments
will have different cell-to-cell and new cell–scaffold interac-
tions in comparison to 2D culture. In addition, longer culture
periods would also alter expression levels. To test this hy-
pothesis, we ran additional experiments in our bioreactor
using human PDLs seeded in 50:50 blend of PLLA:PGA
nonwoven scaffolds and the 22 day tissue culture duration
that was also utilized in the earlier constructs subjected to
collagen assays. Our preliminary analysis using qRT-PCR
confirmed that an extended culture period beyond 3 weeks
in 3D did exhibit equally strong expression of both collagen
type 1 and 3 isoforms, the two predominant collagen types in
heart valves. Furthermore, the relative strong expression of
collagen type 3 during the early stages (i.e., up to 7 days) of
in vitro culture is analogous to tissue repair processes that
native myxomatous valves undergo in vivo, during which
collagen type 3 is, in particular, upregulated.38 Finally, we
examined for the presence of additional markers, ALP, os-
teocalcin, and COL2A1 (Fig. 2d), which would be indicative
of diseased valve states, namely along osteogenic and

chondrogenic pathways, but these markers were found to be
absent in all the groups. This finding suggests that steady-
flow mechanical conditioning and the growth factors that
were used do not promote undesirable differentiation of the
PDLs in the context of heart valve tissue engineering.

Conclusions

In summary we introduced human PDLs as a single,
practical, autologous, and potentially allogenic cell source for
heart valve tissue engineering. Most importantly, PDLs can
produce robust engineered collagen and have reduced loss of
cellular DNA under physiologically relevant (*5–6 dynes/
cm2) steady-flow in vitro culturing environments. In addi-
tion, PDLs were found to demonstrate early evidence of EC
differentiation and robust, possibly valve-associated, SMC
phenotypic conversion, when exposed to a fluid-induced
shear stress of 1 dyne/cm2 and cultured under differentiat-
ing medium conditions. We thus conclude that human PDLs
will potentially benefit from an in vitro flow mechanical
conditioning component as a part of the heart valve tissue-
engineering research protocol.
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