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ةيحلاايلاخلاىلعةمئاقتاجلاعريوطتبةجسنلأاةسدنهتحمس:ثحبلافادهأ
ةسرغلاءانبو،ةثللالوحطابرلاكلذيفامب،ةفلاتلاوأةدوقفملاةجسنلأاحلاصلإ
يوثللاطابرللةيعذجلاايلاخلالزعىلإلمعلااذهفدهي.ةيويحلاةنيجهلا
ةجسنأديدجتلةعنصملانوتكلاوربكيلوبلاةدامنمةلاقسىلعاهعرزويرشبلا
.يعيبطلايوثللاطابرلا

نميرشبلايوثللاطابرلاةجسنلأةيعذجلاايلاخلاعمجمت:ثحبلاقرط
طابرلاايلاخىلعلوصحللاهعيسوتواهتعارزمثةجرختسملاةيرشبلاكحاوضلا
)نيتسويريب(يعيبطلايوثللاطابرللةددحمةملاعنعفشكلامت.يعيبطلايوثللا
يلوبلاعينصتليئابرهكلاتيبثتلاقيبطتمت.ةيعانملاةيئابرهكلاةسياقملامادختساب
متو،نيلكشيفمجحلا/نزولانم٪٢٠و٪١٦و٪١٣تازيكرتبنوتكلاوربك
امك.ةيرهجملاتاثاعبنلالينورتكللإايرهجملاصحفلاةطساوبكلذدعباهصحف
نوتكلاوربكيلوبلاىلعةلوزعملايرشبلايوثللاطابرللةيعذجلاايلاخلاعرزمت
تاثاعبنلالينورتكللإايرهجملاصحفلاءارجإمت،اموي٢١دعب.عنصملا
ليثيمنمةيولخةيمسرابتخاءارجإمتو،ةعورزملاتلااقسلامييقتلةيرهجملا
تارتفدنعنوتكلاوربكيلوبلاةلاقسلةيجولويبلاةباجتسلاافيصوتلمويلوزارتت
.ةعاس٧٢و٤٨و٢٤ةدملةفلتخمايلاخضرعت

،ةعسوملايعيبطلايوثللاطابرلاايلاخيفنيتسويريبلانعريبعتلامت:جئاتنلا
٪٢٠ةبسنبمجحلا/نزوللةعنصملانوتكلاوربكيلوبلاةلاقسنأترهظأيتلاو
ومنتلادعمتناك.بسنلأارايخلاتناكرتموركيم١٠نمرثكأماسملامجحب
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ةلاقسلةيولخلاةيمسلارابتخارهظأو.ةيلاعيرشبلايوثللاطابرللةيعذجلاايلاخلا
ةنراقمةيلخلاءاقبةيلباقيفريبكرييغتدوجومدعةعنصملانوتكلاوربكيلوبلا
.ةفلتخمتارتفدعبومنللةطبثموأةروهدتمراثآنودبويبلسلامكحتلاعم

يلوبلامادختسابيولخجيسنريوطتيفةساردلاهذهتحجن:تاجاتنتسلاا
ةيلخطابترازيزعتونانسلأاتاسرغةيطغتلةلاقسكةعنصملانوتكلاوربك
.ةيويحةنيجهةسرغءانبلاهومنواهراشتناويعيبطلايوثللاطابرلا

تيبثتلا؛نيتسويريب؛يرشبلايوثللاطابرللةيعذجلاايلاخلا:ةيحاتفملاتاملكلا
نوتكلاورباكيلوبةلاقس؛يئابرهكلا

Abstract

Objectives: The strategies of tissue-engineering led to the

development of living cell-based therapies to repair lost

or damaged tissues, including periodontal ligament and

to construct biohybrid implant. This work aimed to

isolate human periodontal ligament stem cells

(hPDLSCs) and implant them on fabricated poly-

caprolactone (PCL) for the regeneration of natural peri-

odontal ligament (PDL) tissues.

Methods: hPDLSCs were harvested from extracted hu-

man premolars, cultured, and expanded to obtain PDL

cells. A PDL-specific marker (periostin) was detected

using an immunofluorescent assay. Electrospinning was

applied to fabricate PCL at three concentrations (13%,

16%, and 20% weight/volume) in two forms, which were

examined through field emission scanning electron mi-

croscopy (FESEM). The isolated hPDLSCs were

implanted on the fabricated PCL. After 21 days, FESEM

was conducted to evaluate the implanted scaffolds, and
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an MTT assay was performed to characterize the bio-

logical response of the PCL scaffold at different cell

exposure durations (24, 48, and 72 h).

Results: Periostin was expressed in the expanded PDL

cells, and this result revealed that 20% weight/volume

PCL scaffold with a pore size of more than 10 mm was the

best. The growth rates of PDLSCs were high. Cytotox-

icity test of fabricated PCL scaffold demonstrated no

significant change in the cell viability when compared

with the negative control and no deteriorating or inhibi-

tory effect on growth after different durations.

Conclusions: A cell sheet was successfully formed by us-

ing PCL as a scaffold to cover dental implants and pro-

mote PDL cell attachment, proliferation, and growth for

biohybrid implant construction.

Keywords: Electrospinning; Human periodontal ligament

stem cells; Periostin; Polycaprolactone scaffold

� 2020 Taibah University.
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access article under the CC BY-NC-ND license (http://
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Figure 1: Schematic drawing of the steps of the experimental

design.
Introduction

Tissue engineering is a new therapeutic strategy that

combines the use of a scaffold and cells with bioactive agents
(e.g. growth factors) to regenerate damaged and diseased
tissues.1,2 For example, it can be used to repair damaged

tissues in periodontitis, an inflammatory oral disease that is
the main cause of tooth loss.3 While dentists can control
periodontal inflammation with conventional treatments,

they cannot restore the destroyed periodontal tissue. For
tissue repair, scaffold biomaterials should be able to
support cell adhesion.1,4 In engineering tissues, two
methods are used1: inserting cells and a scaffold precursor

into a patient’s body and2 culturing the scaffold in vitro
and inserting the resultant engineering tissue into a
patient’s body.4 A scaffold material should be

biodegradable, and its degradation byproducts should be
biocompatible with stem cells. Scaffolds should have pores
to enhance cell penetration, attachment, and

proliferation.5,6 Biocompatible materials, such as metals,
ceramics, and polymers, have been used extensively7,8;
however, metals and ceramics are not biodegradable,

thereby limiting their use in tissue engineering. Polymers
have been widely considered for tissue engineering
applications because of their biodegradability.6 Various
techniques have been developed to improve scaffold

designs by controlling pore characteristics (size and
interconnectivity) and porosity to be suitable for cell
attachment.9 Nanofibrous scaffolds made from

biodegradable polymer nanofibers can be manufactured
using various techniques, including electrospinning, self-
assembly, and phase separation.10 Among these,
electrospinning is the fastest and simplest technique used to
create nanofibrous scaffolds. Electrospinning is an

interesting and flexible technology for the fabrication of
ultrafine fibres whereby the nano-structural orientation of
the resultant fibrous materials is altered to a significantly

reduced dimensional size, to produce outstanding mechani-
cal responses and perform the essential biomedical
activities.11

Periodontal ligament stem cells (PDLSCs) play an
important role in the regeneration of periodontal tissues in
human and animal models,12 and the periodontal ligament
(PDL) can be used as a source of stem cells13. In different

models of periodontal defect, a cell sheet technique has
been applied to induce periodontal regeneration, and the
efficacy of PDL cell sheets has been assessed in preclinical

studies. In a periodontal defect, a calcium phosphatee
polycaprolactone scaffold induces bone formation.14

Fibroblast periodontal cell sheets are delivered utilising a

melt electrospun membrane.15

Because of its tailorability, Polycaprolactone (PCL)
scaffold material can be used in engineering many types of
soft tissues by modifying its properties and decreasing its

molecular weight.16 This study aimed to isolate human
PDLSCs and to use them to fabricate sheets by utilising a
PCL scaffold made via an electrospinning technique.

PDLSCs also enhanced cell adhesion, proliferation, and
support to create cell sheets for PDL tissue regeneration.

Materials and Methods

All the experimental procedures are listed in Figure 1.

Isolation of hPDLSCs

Forty sound and permanent premolars were collected
from young adults (13e26 years) undergoing routine or-

thodontic extraction at the Oral and Maxillofacial Unit of
the Education Dental Hospital/College of Dentistry at the
University of Baghdad. This study was approved by the

Human Ethics Committee of the College of Dentistry at
Baghdad University. Written consents were obtained from

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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all donors. Patients with periodontitis, gingivitis, and teeth
with caries and periapical lesions were excluded from the

study. Dental extraction was performed under local anaes-
thesia. The extracted teeth were placed immediately in
transport phosphate buffered saline (PBS) media (Chemical

Point, Germany) or in free media with out fetal bovine serum
(FBS) at 4 �C. Under a sterilised hood in a tissue culture
laboratory, the extracted teeth were placed in a sterile Petri

dish containing free minimal essential medium (MEM)
(mediaCapricorn, USA). Premolar teeth were rinsed five
times with PBS containing 100 mg/ml amphotericin, 100 mg/
ml streptomycin, and 100 units penicillin (Capricorn-Scien-

tific, Germany) for 5 min. For PDL collection, a surgical
scalpel was used to scrape the roots (Figure 2). The collected
PDL tissue was dispersed with 0.75 mg/ml collagenase/

dispase (SigmaeAldrich, Germany) at 37 �C with shaking
for 7 h to obtain a single cell suspension. The test tube
containing the cell suspension was placed inside a

centrifuge (Hettich, Germany) and centrifuged at 377 xg
rpm and 17 �C for 3 min. The supernatant was discarded,
and 8e10 ml of the MEM culture was added to the test
tube. The suspension was cultured and incubated in an

incubator containing 5% CO2 (Memmert, Germany) at
37 �C. After 7 days, the medium was replaced with MEM
containing 20% FBS (Capricorn-Scientific, Germany),

80 mg/ml ascorbic acid (US-Biological, USA),17 and
12.5 ng/ml fibroblast growth factor (FGF2, US-Biological,
USA), which was freshly added with each change. The me-

dium was changed every 3 days. On day 21, the cells reached
approximately 80% confluence.

Immunofluorescence assay

Human PDLSCs were seeded at a density of 5 � 105 cells
in tissue culture chambers with MEM containing 20%

FBS.18 The medium was aspirated from culture slides that
were subsequently washed with PBS. Cold acetone at e
20�C (Chemical Point, Germany) was added for 3 min to
fix the cells after which the cells were allowed to dry. A

Papen (Daido Sangyo, Japan) was used to draw a circle on
the slides. The slides were then washed with PBS for 5 min,
Figure 2: hPDLSC isolation: A) Pre
incubated with a blocking reagent (Santa Cruz,
Biotechnology, USA) for 1 h, and washed again with PBS

for 5 min. Afterwards, the cells were stained with 1:50
periostin antibody (Santa Cruz, Biotechnology, USA) at
4 �C overnight and washed with PBS for 5 min. Coverslips

were fixed on microscopic slides, and the slides were
examined in the dark using a fluorescence microscope
(Leica, Germany).19

Scaffold preparation

A scaffold was prepared from PCL (SigmaeAldrich, UK)
via electrospinning in an electrospray system (Nano NC,

ESB-200, South Korea; Figure 3).
PCL solutions with three different PCL concentrations

(13%, 16%, and 20% W/V) were prepared by dissolving

PCL powder in glacial acetic acid. The resulting solutions
were mixed using a magnetic stirrer at room temperature
(25e30�C) for 6 h to obtain homogeneity. The solution was

pumped at a flow rate of 1 ml/h through a small metallic
needle (diameter¼ 0.7 mm) and a 20 kV voltage source on a
flat collector to prepare a flat disc scaffold and on rod

(drum) collectors with diameters of 3 mm to make a cylin-
drical scaffold. This procedure was conducted at a 300-rpm
rotary speed to shape the scaffolds. The capillary-collected
distance was 20 cm (Figure 3). The resultant scaffolds were

examined through field emission scanning electron
microscopy (FESEM) and a cytotoxicity test.20 All the
scaffolds were sterilised by exposing them to UV light for

24 h.

Cytotoxicity test

The PCL scaffold was evaluated in terms of its cytotox-
icity and biocompatibility in vitro in accordance with ISO
10993-Part 5. hPDLSC cultures were maintained in a flask

and incubated in a humidified incubator with 5% CO2 at
37 �C. The medium was changed every three days, and the
growth factor was added freshly with each change. When the
cells reached 80%e90% confluence, they were harvested

through trypsinisation.
molar extracted teeth, B) PDL.
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PCL scaffold discs (diameter ¼ 12 mm) were prepared
and placed in 96-well flat-bottom labelled plates containing

100 ml of MEM supplemented with 20% FBS. PDL cells
were seeded at a cell density of 10,000 cells per well. The cells
incubated in standard MEMwere used as a negative control,

while those incubated in media containing a cytotoxic
product (10% ethanol diluted in media) were set as a positive
control. The containers of the plates were sealed and incu-

bated under standard culture conditions for 24, 48, and 72 h
to achieve cell confluence. At the end of the incubation pe-
riods, the cell culture viability was estimated using a meth-
yltetrazolium (MTT; Santa Cruz, USA) solution cytotoxicity

assay, and the culture medium was removed from each well.
In a dark room, 100 ml of 5 mg/ml fresh MTT solution was
added to each well. The plates were then incubated for 4 h.

The mitochondrial dehydrogenase of living PDLSCs con-
verted MTT to formazan crystals. The supernatant was
removed; 50 ml of dimethyl sulfonic oxide (DMSO; Santa

Cruz, USA) was added to each well, and the plates were
incubated for 30 min. The dimethyl sulfonic oxide ( DMSO)
solution was transferred to new 96-well flat-bottom plates,
and optical density was measured at 570 nm using a fully

automated microplate-based multidetection reader
(FLOUstar OPTIMA, microplate BMG LABTECH, Ger-
many).21e23 Each experiment was repeated three times.

Scanning electron microscopy of cells cultured on PCL

scaffolds

PDLSCs were cultured on PCL scaffolds with 13%, 16%,
and 20% W/V PCL in 24-well cell culture plates containing
500 ml of MEM supplemented with 20% FBS and PDL cells

seeded at a cell density of 100,000 cells per well. After 21
days, FESEM was used to evaluate the implanted
Figure 3: A) Bio-Electrospinning/Electrospray system, B) Rod collecto

scaffold.
scaffolds.24,25 The implanted scaffolds were fixed with 4%
glutaraldehyde at 4�C for 24 h, washed with PBS at room

temperature for 10 min, fixed with 2% osmium tetroxide
solution for 2 h, washed again with PBS for 10 min at
room temperature, and dehydrated in absolute ethanol at

different concentrations (50%, 70%, 90%, and 100%),
10 min for each concentration.25

Results

hPDLSC culture

On day 7 of culturing, PDLSCs appeared as small col-

onies of adherent cells (Figure 4). The medium was changed
to remove cell debris. On days 10e20, the cells began to
proliferate and migrate, and appeared as spindle-like fibro-
blasts. The size of the colonies ranged from 0.5 mm to 3 mm

in diameter, and the cells reached more than 80% confluency
on day 21.

Immunofluorescence

More than 90% of the PDLSCs were found to be posi-
tively stained for periostin (Figure 5).

Scaffold structure

Microparticles were formed with 13% W/V PCL

(Figure 6A and B). In comparison, spindle-shaped beads
and fibres were observed with 16% W/V PCL (Figure 6C
and D). Smooth fibres with a pore size of more than
10 mm were obtained with 20% W/V PCL (Figure 6E

and F).
r for scaffold shaping, C) Cylindrical PCL scaffold, D) Discs PCL



Figure 4: Inverted microscope images for hPDLSCs; A) 5 days, B) 10 days, C) 15 days, D) 21 days.

Figure 5: Fluorescence microscopic images at 20X, A) control hPDLSCs (negative expression), B) þ periostin of hPDLSCs (positive green

expression).
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Figure 6: SEM topographic and cross section images of scaffold: A,B) images of 13%W/V PCL; C,D) images of 16% W/V PCL; E,F)

images of 20% W/V PCL.
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Cytotoxicity test

The tested scaffold showed no significant change in cell

viability (Figure 7A) and did not cause any deteriorating or
inhibitory effect on cell growth after 24, 48, and 72 h of
exposure of cells to the scaffold materials (Figure 7B).

FESEM of the seeded scaffold

FESEM analysis revealed that the 13% W/V PCL scaf-
fold had weak growth rates (Figure 8A), the 16% W/V PCL

scaffold had low growth rates with nonuniform
proliferation (Figure 8B), and the 20% W/V PCL scaffold
had high growth rates (Figure 8C). The average pore size

was more than 10 mm (Figure 9). Furthermore, the 20%
W/V PCL scaffold with PDLSCs at different durations
favoured the formation of a typical confluent monolayer

(Figure 10).
Discussion

In regenerative medicine, stem cells of various origins are

utilised to treat different conditions, such as neurological and
endocrine deficits, cartilage abnormalities, and dental con-
ditions.26e32 In this study, the cultured PDL cells began to

proliferate and migrate between 10 and 20 days of culture;
they also manifested a spindle-like fibroblasts. Colonies
and confluency of periodental ligament stem cells (PDLSCs)

have also been described in another study.19 The enzymatic
dissociation method was used to obtain PDLSCs with
greater proliferation rates, better colony-forming efficiency,
and stronger differentiation capacity in culture than those

obtained using the outgrowth method. Furthermore, the
success rate of primary culture was higher with type I
collagenase than with trypsin, which is in agreement with

previously reported results.33



Figure 7: A) Cell viability at different exposure times (24h, 48h, and 72h) to the scaffold, B) Optical density inhibition growth % scaffold

at (24, 48, and 72).
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The immunophenotyping analysis of PDLSCs revealed
that more than 90% of the cells were positive for periostin,
which is a protein expressed mainly in PDL and associated

with the functions of PDL.13,34 In this study, electrospinning,
which is a simple and efficient method, was performed to
fabricate PCL. A triphasic scaffold (90% PCL/10%

hydroxyapatite) was manufactured by fused deposition
modelling. The three phases have the same chemical
compositions, but each phase has a modified architecture.35

The resultant scaffold has a micro-scale fibrous structure.
The viscosity of the polymer is the most important factor in
determining the morphological characteristics of the resul-
tant fibres; polymer concentration and viscosity are related

to each other.36 A pilot study was conducted to select
suitable concentrations of the polymer to fabricate
scaffolds with a structure (pore size and fibre diameter)

suitable for PDL cell penetration and proliferation in order
to initiate the 3D growth required for tissue regeneration.
When the polymer concentration (viscosity of the polymer)

was low (e.g., 13% W/V PCL), electrospray instead of
electrospinning led to the formation of microparticles
instead of microfibers (Figure 6A and B). When the

polymer concentration increased to 16% W/V PCL, a
mixture of spindle-shaped beads and fibres formed
(Figure 6C and D). When the polymer concentration
increased to 20% W/V PCL, smooth nanofibers were
obtained with a pore size of more than 10 mm (Figure 6E
and F). Therefore, a polymer concentration of 20% W/V
was used in this study. Our results corroborate previous

findings,25 that is, the diameter of smooth nanofibers
without microparticles is 1252 nm, resulting in the
formation of a PCL scaffold with a concentration of more

than 15% W/V PCL. The methyltetrazolium solution
cytotoxicity (MTT) assay was used to study the
biocompatibility of the PCL scaffolds with PDL stem cells.

The results revealed that 20% W/V PCL had good
biocompatibility and no noxious or cytotoxic effects on
PDLSCs. This study revealed that no toxic leached ions
were released from the PCL scaffold, and the scaffold was

biocompatible with vital tissues.
The tested scaffold showed no significant change in cell

viability with the negative control and exhibited a very sig-

nificant change with the positive control. The scaffold did
not cause any deteriorating or inhibitory effect on cell
growth after the cells were exposed to it for different dura-

tions. FESEM analysis of the 13% W/V PCL scaffold
showed weak growth rates. No cell growth (dead cells) was
due to the architecture of the scaffold, and the average pore

size was lesser than 1 mm. The presence of large rounded
beads with fibres formed beads on a string structure, and this
finding was related to the low viscosity of the PCL solution
that led to the break-up of jets in solutions; the formed beads



Figure 8: FESEM image of seeded PCL scaffold at day 10, A) No growth on the seeded scaffold (13% W/V PCL) with stem cells at

1000X, 2000X, and 3000X, B) Low growth rate on the seeded scaffold (16% W/V PCL) with stem cells at 1000X, 2000X, and 3000X, C)

High growth rate on the seeded scaffold (20% W/V PCL) with stem cells at 1000X, 2000X, and 3000X.

Figure 9: FESEM image of 20% W/V PCL scaffold with different magnification 2000�, 5000�, 10,000X. Arrows are pointing to cell

attachment and growth following fibres of PCL.
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Figure 10: FESEM image of seeded PCL (20 V/W) scaffold with increase in cell growth at different time, A) 7 days, B) 14 days, C) 21 days,

D) 30 days.
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may also reduce the pore size, making it difficult for cells to

penetrate the scaffold and thereby weakening cell prolifera-
tion.37 FESEM analysis of the 16% W/V PCL scaffold
showed low growth rates with nonuniform proliferation on

the whole scaffold surface, and these characteristics should
be further optimised to develop a scaffold structure with
larger pore size. The average pore size was lower than
5 mm (Figure 8B). Moreover, the 20% W/V PCL scaffold

showed high growth rates, and therefore, was a good
scaffold structure that was suitable for the attachment and
stability of cells (Figure 8C).

The average pore size of the 20% W/V PCL scaffold was
more than 10 mm, which was suitable for PDL cell penetra-
tion and proliferation to initiate 3D cell growth required for

tissue regeneration.38 The scaffolds were examined every
week, until the cultures became semiconfluent with
adherent cells after four weeks. On day 28, approximately
90% confluence was observed, and on day 30, a cell

monolayer was formed (Figure 10). FESEM analysis of the
20% W/V PCL scaffold seeded with PDLSCs at different
durations revealed that a typical confluent monolayer was

formed and the scaffold completely disappeared on the
whole surface. The cell sheet engineering technique was
used, since the single cell suspension injection technique in
tissue reconstruction is accompanied with many

disadvantages.39 One of the limitations of this study is that
a vital tooth was necessary. The tooth was important
because it ensured preservation of stem cells (higher

proliferation rate and higher gene expression in cell
proliferation), which were isolated within 15 min after
extraction. In this study, teeth were collected from young

adults (13e26 years) undergoing routine orthodontic
extraction. Multipotent PDLSCs can be isolated from
human impacted third molars and from human exfoliated
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deciduous teeth via modified procedures. There are many
problems associated with the isolation of PDLSCs from

retained teeth, such as the risk of contamination, periapical
inflammation, and vulnerable condition of stem cells. The
3D artificial construct (cylindrical scaffold and seeded cells)

has potential clinical applications in the covering of dental
implants and production of biohybrid implants. Further
vivo studies could aim to cover dental implants (titanium

or zirconia) with sintered b-TCP40,41 in order to simulate
natural periodontal tissues.

Conclusion

The PDL of an adult human is an ideal and successful
source for harvesting and expanding PDLSCs. The rates of

cell growth on the prepared scaffold depended on the pore
size of the scaffold, and we found that a pore size of 10 mm is
ideal and leads to better cell invasion, penetration of the

scaffold, and continuation of tissue-like structure formation.
The study found that a 20% W/V PCL scaffold can support
cell sheet formation and has potential clinical applications in
covering dental implants and producing biohybrid implants

that can promote PDL cell attachment, proliferation, and
growth.
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