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Abstract
Aim: We report an in vitro technique to establish alignment of collagen fibres
and cells within a three-dimensional tissue equivalent that mimics the natural
periodontal ligament (PDL) using a novel custom-designed bioreactor.
Material and Methods: Shear stress was applied to the tissue equivalent prepared
with collagen solution and seeded with human PDL cells. Stress-strain dynamics
and the alignment of collagen fibres and PDL cells in tissue equivalents were
analysed.
Results: Shear stress aligned collagen fibres and PDL cells in a direction parallel
to the principle strain vector. PDL cells and Collagen fibres aligned in strained
tissue equivalents with higher uniformity than in unstrained tissue equivalents.
Conclusions: The cell and fibre alignment of the engineered PDL was precisely
guided by mechanical shear stress along the direction of principal strain vector
using a custom-designed bioreactor, suggesting that the enhanced functional
property of engineered PDL constructs could be achieved with this technique.
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The periodontal ligament (PDL),
which attaches the two distinct types
of hard tissues – cementum and bone,
mainly consists of collagen fibres and
heterogeneous cell populations of fi-
broblasts, cementoblasts, osteoblasts,
osteoclasts and their progenitors. The
PDL fibres are organized perpendicu-

lar to the tooth surface, and their ends
are embedded in cementum and alve-
olar bone, forming Sharpey’s fibres.
Such arrangements keep the struc-
tural integrity of the periodontium
and distribute masticatory forces on
the tooth to the contiguous alveolar
bone. In addition, the unique align-
ment of the PDL fibres is essential for
alveolar bone growth in children as
well as orthodontic tooth movement
(Cronin et al. 1994, Henneman et al.
2008). Without a PDL, the tooth is
ankylosed and bone growth arrested
(Beertsen et al. 1997).

Biogenesis of a PDL with proper
functional orientation remains as a
challenge despite being an active

area of research. Over the years,
numerous attempts have been made
to develop the PDL around cemen-
tum/root surfaces (Young et al.
2005, Flores et al. 2008) and dental
implants (Bernstein et al. 1988, Prei-
sig & Schroeder 1988, Buser et al.
1990, Warrer et al. 1993, Choi 2000,
Gray & Vernino 2004, Parlar et al.
2005, Gault et al. 2010). However,
new PDL regeneration with func-
tional orientation was observed in a
few studies (Flores et al. 2008, Gault
et al. 2010), whereas most of studies
showed connective tissue encapsula-
tion or random collagen fibre align-
ment in newly regenerated PDL-like
tissues.
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The growth and development of
our bodies and the necessary lifelong
tissue remodelling may not be
achieved without an adequate type
and amount of mechanical signals. It
has been shown that physiological
mechanical stress sustains the PDL
in vivo and that several modalities of
mechanical stress can cause align-
ment of cell-seeded tissue equivalents
in vitro. Mechanical stress below
physiological level, i.e. hypofunction,
causes narrowing and disorganiza-
tion of PDL structures (Cohn 1966,
Levy & Mailland 1980, Beertsen
1987). For the tissues that are
repeatedly challenged by specific
types of stress under physiological
conditions, a number of studies have
incorporated tissue-specific mechani-
cal forces in their strategies to
achieve functional competency of the
final tissue constructs. For example,
compressive stress was used to
enhance the functional property of
an engineered cartilage construct
(Waldman et al. 2004). Similarly,
tensional stress was used for an engi-
neered cardiac graft (Akhyari et al.
2002) and pulsatile stress for a blood
vessel construct (Niklason et al.
1999).

A PDL tissue construct can be
engineered in vitro with a mechanical
shear stress to enhance its functional
competency because the major type
of mechanical stress that PDL is
subjected to is shear stress. There-
fore, the purpose of this study is to
reproduce the functional alignment
of collagen fibres and cells of the
natural PDL by applying shear stress
to a three-dimensional tissue equiva-
lent seeded with PDL cells. We also
quantitatively analyse the alignment
of PDL cells and collagen fibres in
the tissue equivalent, because the
effect of shear stress on the align-
ment remains poorly understood.
We report an in vitro technique to
establish alignment of collagen fibres
and cells within a three-dimensional
tissue equivalent that mimics the
natural PDL using a novel custom-
designed bioreactor.

Material and Methods

Cell culture

Human PDL cells (provided by Dr.
Shi at University of Southern Califor-
nia) isolated as previously described

(Seo et al. 2004) were cultured in a-
minimum essential medium (a-MEM;
GIBCO/BRL, Grand Island, NY,
USA) supplemented with 100 lg/ml
streptomycin (GIBCO/BRL), 100 IU/
ml penicillin (GIBCO/BRL) and 2.5
lg/ml amphotericin B (Fungizone;
GIBCO/BRL) containing 15% fetal
bovine serum (FBS; Atlanta Biologi-
cals, Lawrenceville, GA, USA) in a
humidified atmosphere of 5% CO2 at
37°C.

For GFP (green fluorescent pro-
tein) transfection, PDL cells were cul-
tured, trypsinized and plated at
1 9 105 cells in 2 ml media per well
in six-well plates (Corning Incorpo-
rated, Corning, NY, USA) in serum-
free minimum essential medium
(MEM; GIBCO/BRL) without sup-
plements. PDL cells were transfected
with 20 ll of diluted eGFP plasmid
DNA (0.15 lg/ll) using FuGENE® 6
Transfection Reagent (Roche Applied
Science, Mannheim, Germany).

Three-dimensional tissue equivalent

Sterile acid-soluble rat-tail collagen
type I (3.64 mg/ml; BD Sciences,
Bedford, MA, USA) was mixed with
0.2 ml of 109 MEM (GIBCO/BRL)
and 8 ll of antibiotics and antimy-
cotic mix (100 lg/ml streptomycin,
100 IU/ml penicillin and 2.5 lg/ml
amphotericin B) and 325 ll of acetic
acid (Fisher Scientific, Ann Arbor,
MI, USA). The solution was neutral-
ized with 15 ll of 0.1N sodium
hydroxide (Fisher Scientific). PDL
cells (1.4 9 106 cells/ml) were added
to the collagen solution to prepare
3 9 105 cells/ml of collagen solution
in final concentration of 1.98 mg/ml.
The collagen-cell mixture was incu-
bated at 37°C in a humidified atmo-
sphere of 5% CO2 for about 45 min.
until it became a gel. All the prior
steps were done on ice.

Custom designed bioreactor

The bioreactor has three main parts
comprising the infusion pump, the
shear stress device and the connecting
tube (Fig. 1A). The infusion pump
functions as a source of mechanical
energy by injecting fluid through a
syringe. The shear stress device com-
prises a glass syringe, a shank and
the shear stress system (Fig. 1B). The
linear fluid movement in the syringe
is converted to the linear mechanical

movement of the piston. This force is
transmitted by the shank to the shear
stress system. The shear stress system
is where this linear mechanical move-
ment of the piston is transformed
into the shear stress (Fig. 1C). The
shank is composed of a glass piston,
a stainless steel connector, and a Tef-
lon® guiding plate and a brass clamp
holder (Fig. 1D). In the shear stress
system (Fig. 1C,D), cells are cultured
in a three-dimensional collagen gel
and shear stress is applied to the
cells and fibres in this cell culture sys-
tem. All parts of the device were
autoclavable without any deforma-
tion. Shear strain was applied to the
collagen gel by moving one of two
parallel titanium mesh plates in the
culture chamber 2 mm at a rate of
0.5 mm/h.

Computerized simulation of shear stress

system with finite element method

The finite element analysis was car-
ried out with ANSYS Workbench
10.0 (ANSYS, Inc., Canonsburg, PA,
USA) to understand the shear stress-
strain dynamics of the collagen gel in
the bioreactor. A finite element model
was created based on the following
assumptions. The three-dimensional
model has the same dimensions as the
collagen gel in the experiment, which
is 15 9 4 9 1 mm3 (length 9 width
9 depth, measured in mm each) in
size. The mechanical properties of
collagen gel were determined based
on the value of the neohookean solid.
The linear modulus (16.6 kPa) for a
typical collagen gel was taken from
Roeder et al. (2004). The shear mod-
ulus for the collagen gel (97 ± 4) was
determined using a parallel plate rhe-
ometer (TA instruments RFS II). The
incompressibility was assumed to be
that of water.

Microscopy

An inverted microscope with digital
camera (Olympus DP70, Olympus
America, Melville, NJ, USA) was
used for image acquisition of cells
inside the gel. For fibre alignment
analysis, the samples were fixed in a
Karnovsky solution for an hour, pro-
cessed for scanning electron micros-
copy (SEM), and examined under a
JEOL JSM-T330A microscope at
15 kV, as previously described (Hill-
mann et al. 1999).
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Estimation of shear stress in a three-

dimensional collagen

To estimate the shear stress in the
shear stress system, the rheology test
of a collagen gel was carried out
with ARES rheometer (Rheometric
Scientific Ltd., Piscataway, NJ,
USA). The collagen gel was loaded
on a rotating plate under the geome-
try of the cone and plate, and its
viscosity was measured. The shear

stress, τ, is a function of the shear
rate, c, and viscosity, g, of the scaf-
fold material.

s ¼ c� g ð1Þ

Analyses for PDL cell and collagen fibre

alignment

For analysis of cell alignment, the
angles of the long axis of each cell
(h) over two experimental time peri-

ods were measured manually to cal-
culate the mean angle (h mean) and
angular standard deviation (r). The
data sets include the initial angle of
cell orientation and the angle 24 h
after the 2 mm movement of the
titanium mesh. These values were
calculated using circular statistics
(Wagenseil et al. 2004).

For the analysis of collagen fibre
alignment, an imaging module of
Continuity 6.3 (Cardiac Mechanics
Research Group, University of Cali-
fornia San Diego) was used to mea-
sure the angles of the collagen fibres
and to calculate h mean and r of
the collagen fibres. The Fast Fourier
transform (FFT) algorithm was used
with image processing software
Image-Pro Plus (MediaCybernetics,
Bethesda, MD, USA) to show spa-
tial distribution of collagen fibres.
Watson–Wheeler F-test using circu-
lar statistics software Oriana 2.0
(Kovach Computing Services, Angle-
sey, Wales, UK) was performed to
test whether or not each of the two
angular data sets were significantly
different from each other in mean
angle and angular standard devia-
tion.

Strain measurement in shear stress

system

Acrylic powder markers (Jet Tooth
Shade Powder; Lang Dental Mfg
CO., Wheeling, IL, USA) were
incorporated into a collagen gel and
the locations of the markers were
tracked using a digital camera with 4
mega pixel resolution and 38 mm
lens (Canon SD10) to calculate the
principal strain.

Results

Stress distribution in a three-dimensional

tissue equivalent

Equivalent stress, i.e. Von-Mises
Stress was used in the finite element
analysis, which is defined as the sum
of the squares of the three principal
components (x, y and z axis) of the
stress at a point in a three-dimen-
sional model. Equivalent stress is a
scalar value and only provides the
magnitude without direction. It is
useful when analysing a three-dimen-
sional model to determine the stress
distribution and visualize the plastic
deformation. The centre of the gel

Fig. 1. Custom-designed bioreactor. (A) Schematic of experimental setup. The arrow
shows the transmission of force from the infusion syringe pump to the shear stress
device through the connecting tube. The system is designed to have the experiments
performed inside an incubator. The infusion pump precisely controls a rate of fluid
flow with a 1600/sec maximum step rate and 18 kg of linear force. (B) Mechanical
shear stress device comprising a 50 ml glass syringe, a shank and a shear stress sys-
tem. A glass syringe (50 ml BD Yale™ glass syringe; Becton-Dickinson & Co., Frank-
lin Lakes, NJ, USA) is incorporated into the design of the device to receive the fluid
being injected by the infusion syringe pump. The glass material allows the piston to
slide with a constant rate reflecting the rate of infusion pump. (C) Schematic (top
view) of the shear stress system illustrating the moving side and static side of the
brass clamp bar. The arrow shows the movement of the titanium mesh of the moving
side clamp bar. The shear stress is exerted in the gel during the movement of a tita-
nium mesh on the moving clamp bar. (D) Schematic (side view) of the shear stress
device showing the shank and the shear stress system. The flat bottom of the stainless
steel connector is designed to sit on the Teflon® guiding plate, thus allowing the con-
nector-holding glass piston to slide without rotating. The brass clamp holder connects
the shank to the shear stress system. Two parallel titanium meshes are held by the
clamp bar. The clamp bar is nickel plated to prevent the corrosion of the brass. The
titanium meshes are placed in the glass chamber in the centre of glass culture dish.
The titanium meshes are chosen to ensure the greater attachment of the collagen gel,
minimizing detachment of the gel under shear stress. The collagen gels, seeded with
and without cells with dimensions of 15 9 4 9 1 mm3 (length 9 width 9 depth, mea-
sured in mm each), are poured between the two titanium meshes. A plexiglass cover is
used to prevent the possibility of contamination during the experiment inside of an
incubator. To get a clear image of GFP-transfected PDL cells under the inverted light
microscope, a quartz glass plate is used as a base to the glass culture dish. The culture
dish is held by a rubber O-ring in the platform allowing the dish to be taken out with
ease for sample preparation for scanning electron microscopy. The cells and fibres in
the collagen gel experience shear stress during the movement of the titanium mesh.
The static shear stress is applied to the gel for 24 h, immediately after the collagen-
cell mixture became a gel. Shear strain is applied to the collagen gel by moving one
of two parallel titanium mesh plates in the culture chamber 2 mm at a rate of
0.5 mm/h.
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had almost homogenous stress distri-
bution throughout the entire thick-
ness, whereas the free borders on the
top and bottom have isolated distri-
bution of smaller stress (Fig. 2).

Shear stress estimation in a three-

dimensional tissue construct

The shear stress was calculated from
the equation (1). Figure 3 shows the
results of shear stress calculated
from the viscosity. The shear stress
remained relatively constant in the
range of the specific shear rates with-
out build-up. This type of material is
called “yield stress” material. In our
experiments, we may expect that the
collagen gel does not start to flow
without a certain amount of stress.
As the shear rate increased, the vis-
cosity increases in the range of lower
shear rate, approximately between
10�4 and 5 9 10�4 [s�1]. It may
show a plateau and be considered as
zero shear viscosity, which is defined
as the viscosity of a material when it
is undisturbed. It may be reasonable
to take the shear stress value from
the range of constant shear stresses
calculated from data in the range of
shear rate 10�3 to 10�1 [s�1], where
it is 1.358537 ± 0.534296 [Pa] (Mean
± SD).

Shear stress-induced PDL cell alignment

The orientation of the cell changed
with the amount of movement of the
titanium mesh (Fig. 4A). Most of
the PDL cells that were subjected to
24-h shear stress became more
aligned in the direction of the strain,
compared to the orientation of the
control group (Fig. 4B). In addition,
these cells in the experimental group
became bipolar in shape (Fig. 4Ca,
Cb). The cells in the experimental
group that were initially oriented
perpendicular to the strain became
more rounded (Fig. 4Cc).

Circular statistics were used to
investigate if there was any signifi-
cant change in angular data before
and after stress was applied. Ini-
tially, h mean was 120o, and r was
45o. Twenty four hours after shear
stress was applied, h mean was 57o,
and r was 37o. Watson–Wheeler
F-test showed that the two angular
data sets were significantly different
(p = 2.18 9 10�4).

Shear stress-induced collagen fibre

alignment

Collagen fibres that were randomly
situated when no force was applied
became aligned in the three-dimen-
sional collagen gel when shear stress
was applied (Fig. 5a). The FFT out-

put images showed that under stress
condition, pixels were distributed in
an elliptical shape, indicating that
the fibres were preferentially distrib-
uted in the direction connecting the
top right to bottom left. On the
other hand, under no stress condi-
tion, the frequency pattern was fairly
spherical in shape, indicating that
fibres were randomly distributed
(Fig. 5B).

The normalized frequencies of the
angles of fibres were plotted to
determine orientation of collagen
fibres (Fig. 5C). In the strained cell-
seeded collagen gel, h mean was 59 ˚,
and r was 21o. In the unstrained
cell-seeded collagen gel, h mean was
80o, and r was 69o. In the strained
unseeded collagen gel, h mean
was 40o, and r was 15o. In the
unstrained unseeded collagen gel, h
mean was 88o, and r was 75o. Wat-
son–Wheeler F-test showed that any
two angular data were significantly
different (p < 1 9 10�12).

Correlation of cell and fibre alignment

with principal strain vector

The principle strain vector was cal-
culated with the method illustrated
(Fig. 6A). h mean of PDL cell and
collagen fibre alignment was com-
pared to that of the principal strain
in the shear stress system. The prin-
cipal strain was calculated to have a
magnitude of 0.1 ± 0.09 with 60o

Fig. 2. Perspective view of equivalent (von-Mises) stress distribution in a three-dimen-
sional collagen gel. The centre of the gel had almost homogenous stress distribution
throughout the entire thickness, whereas the free borders on the top and bottom have
isolated distribution of smaller stress. The stress distribution was visualized by a col-
our gamut ranging from red to blue. The highest stress was represented with red, and
lowest stress with blue. Note that the edge between the two titanium meshes is not
perfectly straight and the smaller stress distribution is lower in the centre of the free
border.

Fig. 3. The viscosity (g) and shear stress
(τ) calculated by rheology test. The
collagen gel is a non-Newtonian type
fluid-like material with high viscosity and
nonlinearity. In other words, the viscos-
ity varies with the shear rate (c). The
shear stress remained relatively constant
in the range of the specific shear rates
without build-up. This type of material is
called “yield stress” material. Toothpaste
is one such material. It will start to flow
out from the tube after a certain period
of time of squeezing.

© 2011 John Wiley & Sons A/S
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angle from the axis of titanium mesh
displacement. The direction of cell
and fibre alignment was compared
to the principal strain angle
(Fig. 6B).

Discussion

The present study showed that the
ordered structure of the natural
PDL was mimicked in vitro by
applying shear stress to align colla-
gen fibres and PDL cells within a
three-dimensional tissue equivalent.
Collagen fibres and cells aligned

strongly in the direction of applied
shear strain, as evidenced by the
small angular deviation and the
qualitative direction of fibre align-
ment in strained tissue equivalents.

Shear stress was thought to be the
most appropriate biomechanical
stress for PDL tissue engineering
because a tissue-specific stress could
provide the enhanced functional
competency in final tissue constructs
for the tissues under physiological
stress (Niklason et al. 1999, Akhyari
et al. 2002, Waldman et al. 2004). It
was demonstrated in our study that
shear stress aligned PDL cells and
collagen fibres with significantly
higher uniformity.

The shear stress distribution in a
three-dimensional collagen gel, deter-
mined by the finite element method
showed that the centre of the shear
stress system was homogenous in
stress distribution throughout the
entire thickness. The PDL cell-
seeded tissue equivalent in our study
showed the homogenous alignment
of cells and collagen fibres along the
principal strain vector under shear
stress condition. Our alignment anal-
ysis in the shear stress system
showed that PDL cells aligned in a
direction parallel to their principal

Fig. 4. Alignment of PDL cells. (A) Ori-
entations of a PDL cell under shear
stress in the three-dimensional tissue
equivalent, before shear stress, after 0.5
(0.5 h), 1.0 (1.0 h), 1.5 (1.5 h), 2.0
(2.0 h) mm of titanium mesh movement,
and 8, 14, 20, 26 h segments after shear
stress. (B) PDL cell alignment in the
three-dimensional tissue equivalent,
before stress, 24 h after stress, in the
experimental group (Stress +), and at ini-
tial state, 24 h, in control (Stress �). (C)
The morphology and orientation of the
cells in Figure 2B (a, b, and c) before
stress and after 24 h.

Fig. 5. Alignment of collagen fibres. (A)
SEM micrographs of alignment of colla-
gen fibres in three-dimensional tissue
equivalent, seeded with or without PDL
cells, with or without shear stress. Note
the PDL cells were covered by collagen
fibres (Magnification: 15009, JEOL
JSM-T330A). (B) FFT (Fast Fourier
Transform) output images of Figure 5A.
(C) Normalized frequency plots against
angle of fibre orientation in strained cell-
seeded, unstrained cell-seeded, strained
cell-unseeded, and unstrained cell-unsee-
ded tissue equivalents. Note the narrower
distribution of angles of fibre orientation
in the strained tissue equivalent (right
column) compared to unstrained tissue
equivalent (left column).

Fig. 6. Correlation of cell and fibre align-
ment with principal strain vector. (A)
Strain calculation method using the posi-
tion of a triad of markers in the refer-
ence (ABC) and deformed (A0B0C0)
states. The strain is calculated by com-
paring the distance between the two
markers A and C in the reference (ds0) to
the distance between the same two mark-
ers A0C0 in the deformed states (ds). (B)
Orientation of cell (b) and fibres (a) in a
strained cell-seeded tissue equivalent and
direction of principal strain (c) in a shear
stress system.

© 2011 John Wiley & Sons A/S
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strain vector. A cell in the system
showed angular changes until it
reached the direction of principal
strain vector (Fig. 4A). No further
changes were noted, because the cell
was at its lowest strain energy state
when situated in this direction of the
principal strain vector. In other
words, cells were aligned in a way
that they react to minimize the per-
ceived strain in their matrix (East-
wood et al. 1998).

Collagen fibres in the strained un-
seeded tissue equivalent aligned
strongly in the direction of principle
strain, as shown by the small angular
deviation and the qualitative direc-
tion of the fibre alignment. Generally,
the cellular involvement was shown
to be a significant factor in collagen
fibre alignment (Wang et al. 2003). In
their in vitro experiment, if cells were
randomly oriented, new collagen
fibres produced by the cells were dis-
organized. On the other hand, if cells
were aligned along a specific direc-
tion, collagen fibres laid down by cells
showed alignment along the direction
of the cells. This suggested that the
orientation of cells dictated the align-
ment of collagen fibres produced by
the cells. However, collagen fibres in
our shear stress system are considered
an existing matrix. Therefore, we
showed that the collagen fibres were
aligned in the absence of cells directly
by an external mechanical cue. Simi-
lar findings were reported in studies
including those using vertical shear
flow (Kureshi et al. 2010), con-
strained gels (Thomopoulos et al.
2005) and uniaxial tensile loading
(Kostyuk & Brown 2004). However,
newly produced collagen fibres might
require cellular involvement for their
alignment.

Our quantitative analysis showed
that shear stress aligned collagen
fibres and PDL cells in a direction
parallel to their principal strain vec-
tor. As was observed in Fig 4A, the
cells in our shear stress system grad-
ually oriented themselves along the
directions of principal strain vectors
at different time points. This implies
that the collagen fibres, where cells
reside, aligned along the same direc-
tion. Therefore, it is reasonable to
expect that the change of direction
of shear stress would result in an
alignment change of cells and fibres
along the direction of their new prin-
cipal strain vector.

Unstrained tissue equivalents
showed weak alignment of fibres and
cells, characterized by the high angu-
lar deviation and the qualitative
direction of fibre alignment, due to
the uniaxial constraint imposed by
the titanium meshes. Fibroblasts
under static conditions have been
observed to align both multi-
directionally (Eastwood et al. 1998,
Chiba & Mitani 2004) and unidirec-
tionally (Costa et al. 2003). Fibres
and cells aligned parallel to the free
edges of the gel because strain was
created when the tissue equivalent
attempted to contract uniformly
while being constrained in one
dimension by the opposing titanium
meshes. The change in angle of ori-
entation and the increased order of
collagen fibres in unstrained seeded
tissue equivalents compared with
unstrained unseeded tissue equiva-
lents may be due to the presence of
the cell traction force proposed by
the anisotropic biphasic theory for
tissue equivalent mechanics (Barocas
& Tranquillo 1997). This theory sup-
ported our finding that the fibres in
cell-seeded unstrained gels aligned
parallel to the free edges of the gels
with higher uniformity.

The three-dimensional tissue
equivalent with a functional align-
ment of PDL cells and fibres induced
by shear stress may have clinical
implications for periodontal regener-
ation therapy. Flores et al. (2008)
showed that transplantation of
human PDL cell sheet into periodon-
tal fenestration defects of immuno-
deficient rats induced periodontal
regeneration with a new cementum
and Sharpey’s fibres. Gault et al.
(2010) demonstrated that PDL cell-
covered implants (ligaplants) inserted
into a dog’s alveolus could have a
functional arrangement of cells and
fibres in newly regenerated PDL-like
tissues as well as cementum-like lay-
ers and alveolar bone-like tissues
around the implants. The implants
used in this canine model were
coated with hydroxyapatites and
fibronectin, suggesting that the
implant surface was modified to
induce cementogenesis or a forma-
tion of mineralized tissues that
allowed a PDL to attach the surface
of the implant for its functional
arrangement. As an in vitro prepara-
tion for implantation shown in Flo-
res et al. (2008) and Gault et al.

(2010), a shear stress-induced PDL
tissue construct with a functional
orientation of PDL cells and fibres
has a therapeutic advantage because
the ordered structure of the con-
struct could guide the arrangement
of newly regenerated PDL and fur-
ther provide the biomechanical sta-
bility for implanted teeth or artificial
fixtures.

In conclusion, our study showed
an in vitro technique to establish a
functional alignment of collagen
fibres and cells of the natural PDL
by applying shear stress to a three-
dimensional tissue equivalent seeded
with PDL cells. The cell and fibre
alignment of the engineered PDL
was precisely guided by mechanical
shear stress using a novel custom-
designed bioreactor, suggesting that
the enhanced functional property of
engineered PDL constructs could be
achieved with this technique.
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Clinical Relevance

Scientific rationale for the study:
An engineered PDL tissue con-
struct mimics the natural PDL.
Principal findings: A functional
alignment of collagen fibres and
cells of the natural PDL was estab-
lished by applying shear stress to a

three-dimensional tissue equivalent
seeded with PDL cells. The align-
ment of cells and fibres could be
guided by mechanical shear stress
using a custom-designed bioreactor.
Practical implications: An engineered
PDL tissue construct with a func-
tional alignment of PDL cells and

collagen fibres may have enhanced
functional properties when it was
implanted in vivo with a regener-
ated tooth or a dental implant.
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