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Abstract

Recently, the dual-leached polycaprolactone (DL-PCL) scaffold for bone tissue engineering had been
fabricated using sodium salt and polyethylene glycol as porogens. This novel scaffold showed good porous inter-
connectivity and did not have any cytotoxicity as judged by SEM analysis and MTT assay. The purpose of this study
was to evaluate the in vitro biocompatibility and osteogenic conductive potential of this DL-PCL scaffold on the bone
formation in vivo. Periodontal ligament stem cells were seeded on the DL-PCL scaffold for 16 hours and the morphology
of cells on the scaffold was assessed by SEM analysis. The expression of osteogenic related genes was also determined
by real-time reverse transcription polymerase chain reaction (RT-PCR). The ability of the DL-PCL scaffold to support
new bone formation was examined in a rat calvarial defect model. The total IgG from blood serum was measured
after scaffold implantation at two, four and eight weeks. The amount and quality of new bone formation were monitored
by micro-computed tomography and histological analysis, respectively. The results showed that periodontal ligament
stem cells attached and spread on the DL-PCL scaffold and expressed the markers of osteogenic differentiation
including ALP, RUNX2 and OSX. There were no significant changes in the level of serum IgG after the scaffolds were
implanted. Micro-computed tomography and histological analysis in a rat calvarial model showed a significantly greater

amount of new bone formation. These results indicated the ability of DL-PCL for the use of bone tissue engineering.
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Introduction

Large bone defects resulting from tumor resection,
trauma, non-union of fractures, and congenital malformations
are common clinical problems in maxillofacial surgery.
Several methods have been used for bone reconstruction
in the maxillofacial region to solve the previously mentioned
problems, which include autogenous bone grafts, allografts,
alloplasts and xenografts.”” Autogenous bone graft has
been the gold standard of bone replacement for many years
because it provides osteogenic cells as well as essential
osteoinductive factors needed for bone healing and
regeneration. However, this practice is limited by donor-site
morbidity and the limited amount of bone that can be
obtained. These limitations have inspired a search for
innovative techniques for bone bioengineering and
developing more suitable biomaterials.>”

The concept of tissue engineering can be defined
as the use of a combination of cells, engineering material
or scaffold to support the growth and differentiation of
cells and the proper biochemical factors to improve or
replace biological functions.®’ The main principle for bone
tissue engineering strategy is to use an osteoconductive
porous scaffold in combination with osteogenic cells or
osteoinductive biochemical factors that can improve or
replace the biological function of the bone.®® The scaffold
is the first requirement needed to facilitate the tissue
integration into the bone defect; a three-dimensional (3D)
porous scaffold will function as a template for cell attachment,
proliferation and differentiation of bone cells.”"

Several natural and synthetic polymers have been
used to fabricate tissue engineering scaffolds. Aliphatic
polyesters such as polycaprolactone (PCL), polylactic
acid (PLA), polyglycolic acid and related copolymers are
most extensively used in biodegradable scaffolds. PCL is
a semicrystalline polyester that is degraded by the hydrolysis
of its ester linkages under physiological conditions, such
as in the human body. This polymer has received FDA
approval and is currently used in clinical practice. Its excellent
mechanical, slow biodegradation rate and biocompatibility

characteristics were previously highligshted. Moreover, it

is significantly less expensive, readily available in large
quantities and can be molded into porous structures to
allow for osteoconduction.'*"

During the past year, many techniques have
been applied for making porous scaffolds. These include
solvent casting combined with particulate leaching, freeze
drying, electrospinning, phase separation, melt molding,
and combinations of these techniques. Solvent casting
combined with particulate leaching is a technique that
results in highly porous structures."

In our previous research', a three dimensional PCL
scaffold was fabricated using a modified solvent casting,
particulate leaching. By using both sodium chloride and
polyethylene glycol (PEG) powders as porogens, a newly
synthesized dual-leached (DL) PCL scaffold has been
fabricated. The in vitro analysis reported that this DL-PCL
scaffold exhibited highly interconnected pore networks,
equally distributed pores, and a relatively uniform pore
size of 378-435 um, further leading to high water absorption
capacity of the materials tested. An indirect cytotoxicity
evaluation using mouse calvaria-derived preosteoblastic
cells (MC3T3-E1) revealed that the scaffolds were not
harmful to the cells. The cells cultured on DL-PCL scaffolds
also yielded better mineral deposition values compared
to the original PCL scaffold. However, the effectiveness of
this scaffold to promote new bone formation is still unclear.

The purpose of this work was to evaluate the
potential of the DL-PCL scaffold as bone scaffolding
material. The scaffold was assessed in vitro in terms of
the ability of the scaffolds to support the adhesion and
differentiation, as judged by the expression of osteogenic
related genes by primary human periodontal lisament
(PDL) cells. Finally, the scaffolds were assessed in vivo based
on the calvarial defect model in rats. The interaction
between scaffold and immune response was assessed by
the serum IgG of rats. Bone regeneration in the calvarial
defects was evaluated by micro-computed tomography
(micro-CT) and histological analysis four weeks and eight

weeks after implantation.
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Materials and Methods

Materials

PCL (Molecular weight (MV) 80,000 ¢/mol) was
purchased from Sigma-Aldrich (St. Louis, MO), and PEG
(MW 200, 600, and 1,000 ¢/mol) was purchased from Merck
(Germany). Chloroform (Labscan Asia, Thailand) was used
as a solvent for these polyesters, whereas sodium chloride
(NaCl; Ajax Finechem, Australia) was used as a porogen.
Preparation of 3D DL-PCL scaffolds

The three-dimensional scaffolds were fabricated
as previously reported.” Briefly, polymer solution was
prepared by mixing a PCL pellet with PEG (PCL/PEG = 1/1
(w/w)) and chloroform at a concentration of 28% (w/v).
The solution was then stirred at room temperature for
two to three hours. Next, NaCl particles ranging in diameter
from 400 to 500 um (polymer/NaCl = 1/30 (w/w)) were
added. The mixture was packed into petri dishes, creating
cylindrical scaffolds that were 10 cm in diameter and 0.5 mm
in thickness. Scaffolds were placed in a ventilation hood
overnight to allow for solvent evaporation. After evaporation,
the porogens were leached out by immersing the scaffold
in deionized (DI) water for 48 hours, with repeated changes
of the DI water every eight hours. The scaffolds were
then air-dried for 24 hours and vacuum-dried overnight.
Isolation and culture of the primary human periodontal
ligament cells

Human PDL cells were isolated from periodontal
liscament tissues obtained from the third molars extracted
for orthodontic reasons. The protocol was approved by
the Human Ethical Committee from the Faculty of Dentistry,
Chulalongkorn University (HREC-DCU-2012-079). All patients
gave informed consent. Third molars from three healthy
young individuals without systemic and oral infection, age
between 18-25 years old, were obtained. The periodontal
ligament tissue from the middle one-third was scraped off
with a surgical blade. The tissue explants were cultured
in Growth Medium [GM; Dulbecco Modified Eagle medium
(DMEM) supplemented with 10% FBS, 1% L-Glutamine,

0,5 mg/ml gentamicin and 3 mg/ml amphotericin B] and

grew at 37°C humidified atmosphere with 5% O, The
medium and all the supplements were obtained from
Gibco (Life Technologies Corporation, Grand Island, NY).
After the outgrowing cells reached confluence, cells were
subcultured at the ratio 1:3 and cells at the 3rd-5th passages
were used for the experiments.

Reverse-transcription polymerase chain reaction

Human PDL cells were seeded in 12-well at a density
of 100,000 cells/well and grew for two days in either growth
medium (GM) or osteogenic media [OM; GM supplemented
with ascorbic acid (50 mg/ml) and B—glycerophosphate
(10 mM)]. The same density of cells was also seeded in
DL-PCL scaffold and cultured in OM medium for two days.
The scaffolds were prepared in circular shape (5 mm in
diameter and 1 mm thickness). Total cellular RNA was
extracted with TRI Reagent (Roche Diagnostics) according
to the manufacturer’s instructions. The RNA pellet was
washed with 70% ethanol, air dried, and reconstituted
in RNase free water.

Each RNA sample (1 pg) was converted to cDNA
by avian myeloblastosis virus (AMV) reverse transcriptase
(Promega, WI) for 1.5 hours at 42°C. Subsequently, semi-
quantitative PCR was performed. Cycling conditions were
set at 95°C for 30 seconds followed by 40 cycles of 95°C
for three seconds and 60°C for 30 seconds. The amount
of PCR product was calculated based on the quantitation
cycle and normalization to the expression of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene. The primers
were prepared following the reported sequences from
GenBank. The oligonucleotide sequences of the primers
for alkaline phosphatase (ALP: forward 5 CGA GAT ACA
AGC ACT CCC ACT TC 3, reverse 5’ CTG TTC AGC TCG
TAC TGC ATG TC 3’), runt-related transcription factor 2
(RUNX2: forward 5’ ATG ATG ACA CTG CCACCT CTGA 3,
reverse 5° GGC TGG ATA GTG CAT TCG TG 3’), osterix
(OSX: forward 5" GCC AGA AGC TGT GAA ACC TC 3’,
and reverse 5° GCT GCA AGC TCT CCA TAA CC 3’) and
GAPDH (forward 5’-TGA AGG TCG GAG TCA ACG GAT-3’
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and reverse 5’-TCA CAC CCATGA CGA ACATGG-3’). The
real-time PCR was performed in a LightCycler instrument
(Roche Diagnostics, USA) using the LightCycler 480SYBR
Green-l Master Kit according to the manufacturer’s
recommendations.
Morphological observation of cultured cells

Cells were seeded in the DL-PCL scaffold as
described above for 16 hours in GM and fixed with 2.5%
glutaraldehyde solution (Sigma, USA) for 30 min. The samples
were extensively washed with PBS and dehydrated in
ethanol solutions of increasing concentration (30, 50, 70, 90,
and 100%) for approximately two minutes at each concentration.
The specimens were dried in 100% hexamethyldisilazane
(HMDS; Sigma, USA) for five minutes and air-dried after
removal of the HMDS. Once completely dry, the specimens
were mounted on an SEM stub, coated with gold, and
observed under SEM (JSM-5200, JEOL model, Tokyo)
Rat calvarial defect model

The experiment was carried out on six-week-old
wistar rats. The protocol was approved by the Animal Care
and Use Ethical Committee, Faculty of Medicine, Chulalongkorn
University (Animal Use Protocol No. 1773019). Bilateral
circular calvarial defects (5 mm in diameter) were created
under general anesthesia with xylazine and ketamine
intraperitoneal injection. A total of ten rats were used and
divided into two groups; for the DL-PCL group (n=5), the
defect was implanted with DL-PCL scaffold and for the
SHAM group (n=5), the defect was left empty. The wound
was closed with a 4-0 nylon suture. The DL-PCL scaffolds
were prepared as a circular disk as described above in
the culture section.
Quantitative analysis of immunoglobulin G (IgG) with
enzyme-linked immunosorbent assay (ELISA)

Whole blood was collected via rat tail before

performing the implantation (0 week), two, four and eight

weeks after implantation. The blood centrifugation is made
with 10,000 rpm to separate the red blood cells. Then,
quantitative detection of rat IgG was done using the Rat
IgG ELISA Kit (abcam, MA, USA) with a spectrophotometer
at 450 nm. Serum IgG was compared between the SHAM
and the DL-PCL groups.

Micro-Computed Tomography (Micro-CT)

Bone formation in the calvarial defect at 4 and 8
weeks were analyzed using micro-CT imaging. After being
euthanized using pentobarbital intraperitoneal injection,
the calvarial bones were carefully excised, cleaned and
fixed immediately with 10% (v/v) formaldehyde for 24
hours and kept in PBS. Then, the samples were assessed
using 35 SCANCO MEDICAL Micro-CT (70 kVp, 114 pA, 8 W
with 15 pm Voxel; SCANCO, Switzerland) for bone mineral
density and bone morphology in the defect area. The
analyses were performed using 3D analysis software
from Scanco Medical (SCANCO Medical AG, Switzerland).
Histological examination

After micro-CT analysis, the specimens were
dehydrated in graded ethanol solutions, embedded
in paraffin, coronal sectioned (5 pm in thickness), and
stained with Masson’s Trichrome to demonstrate osteon
and cellular detail. The digital images of the sections
were obtained by a visual slide microscope (Mirax desk,

Carl Zeiss, Germany).

Statistical Analysis

Statistical analysis was performed using the
independent t-test for mineral density of micro-CT data.
Differences at p<0.05 were considered statistically significant.
All statistical analyses were performed using Statistical
Package for the Social Science (SPSS) Statistics software

package version 22 (IBM, New York, USA).
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Scaffold + Cells
Figure 1 (A) SEM images at 250x (a) and 500x (b) magnification illustrating the microstructures of the DL-PCL scaffold. Representative
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SEM images illustrating the morphology of PDL cells cultured for 16 hours on DL-PCL scaffolds (c and d with the magnification

of 2000x and 5000x, respectively). Note the well spread cells (*) on the surface of the scaffold. White arrow showed the

border of cells that extended over the attached cells. (B) Graph showed the results from real-time RT-PCR analysis to examine

the expression of osteogenic markers ALP, RUNX2, and OSX cultured for 2 days. In growth medium (GM) or osteogenic
medium (OM) and in DL-PCL scaffold using OM medium (DL-PCL) * indicated the significance when compared to GM, # indicated

the significance when compared to OM at p < 0.5

Cell adhesion and differentiation

The biocompatibility of DL-PCL scaffold was
evaluated in terms of its ability to support cell attachment
and differentiation. Fig. 1(A) shows SEM images of DL-PCL
with and without PDL cells. Cells were seeded onto the
DL-PCL scaffolds for 16 hours and then processed by SEM
analysis. The image of the DL-PCL 3D-scaffold showed
good interconnected porosity and the appearance of a
polymeric network (Fig.1A; a and b). The figure also showed
well-spread PDL cells after 16 hours seeded on the
scaffold. The majority of cells showed evidence of the
extension and expansion over the area of the scaffolds.
Comparison of osteogenic gene expression by RT-PCR
analysis

The osteogenic differentiation was monitored
based on the expression of three key osteogenic related
genes including ALP an early marker of osteogenic differen-
tiation, RUNX2 and OSX, the key transcription factors

that induced osteogenic differentiation. The results in

Fig.1B showed upregulation of ALP, RUNX2 and OSX
mRNAs expression in cells cultured with OM medium
for two days compared to the cells cultures in GM. The
results also indicated that cell culture on the DL-PCL
scaffold showed the increased expression of these
three genes compared to those in the OM medium as
analysed by real-time RT-PCR.
Quantitative analysis of IgG levels in rat

The scaffold was implanted in the rat calvarial
defect model. Fig. 2 showed the schematic of calvarial
defects and the implant of the scaffold in the defects.
The defects were created with 5 mm diameter trephine
bur within the temporal bone. The defects were left empty
(SHAM) or filled with the DL-PCL scaffold for up to 8 weeks.
To evaluate the specificimmune response, the amount of
total IgG from the serum was measured. The results did
not show any significant differences between the level
of serum IgG in both the SHAM and the DL-PCL groups at

all time points (0-8 weeks).
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Figure 2 Graph showed the level of serum IgG of the rat in the SHAM
and DL-PCL groups. No significant difference was detected

In vivo bone formation of DL-PCL scaffolds in rat
calvarial model
The amount of new bone formation in the defect

was assessed by micro-CT analysis after four and eight
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weeks of implantation. Quantification of bone volume/
total volume (BV/TV) showed the amount of new bone
formation at four and eight weeks of DL-PCL group was
significantly higher than the SHAM group (P<0.05) [Fig. 3].

Histological analysis of specimens at four and
eight weeks after implantation were shown in Fig. 4. At
four weeks, the DL-PCL group was found to have an
increase in the amount of collagen, osteoid formation
and vascularization inside the scaffold. At eight weeks,
woven bone structures, osteocytes and lacunae structures
were prominent and the newly formed bone in the center
of the defect was seen. In contrast, the defects in the SHAM
group were filled with loose connective tissue and minimal

mineralization at either time point.

% of New bone formation

Sham m Scaffold

Figure 3 (A) Picture from micro-CT analysis showed the amount of new bone formation compared between SHAM and DL-PCL groups

after 4 and 8 weeks implantation. (B) Graph showed the quantitative amount of new bone formation as calculated by

bone volume/total defect volume (BV/TV). * indlicated the significance when compared to SHAM at p < 0.5
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Figure 4 Decalcified histological sections of rat calvarial at 4 and 8 weeks in the SHAM and the DL-PCL groups. a and b showed the

section from SHAM after 4 and 8 weeks, respectively. Fibrous tissue was found in the center of the defect. New bone formation
could be observed at the edge of the defect. c and d showed the section from the DL-PCL group at 4 and 8 weeks, respectively.
New bone formation could be observed within the implanted scaffold. Black bars represented 1 mm

Discussion

The data from this present study showed the
ability of three-dimensional DL-PCL scaffold to support
cell adhesion and differentiation both in vitro and in vivo.
The use of PCL scaffold for bone tissue engineering had
been report in several studies, however, the majority of
bone grew outside the scaffold.”'® On the contrary, using
our fabrication method, i.e., improve the connectivity
between porous, can find the ossification centre that
occurred within the scaffold, indicating the enhance ability
of the scaffold to support the de novo bone formation.

In terms of cell adhesion, the SEM showed the
well spreading of PDL cells on DL-PCL scaffold within
16 hours. The flatten of the cells on the surface of the
scaffold indicated the good biocompatibility of the
scaffold. This may be due to not only the high porosity
and highly interconnected pore networks of the scaffold
that allowed the cells to penetrate the scaffold'""* but
also to the architecture of the scaffold that is similar to

the fibrous network.

Not only supporting cell adhesion, cell culture on
the DL-PCL scaffold could undergo osteogenic differentiation
as judeed by the increased expression of ALP, RUNX2 and
OSX. ALP is the enzyme that provides to increase the local
concentration of inorganic phosphate, a mineralization
promoter, and to decrease the concentration of extracellular
pyrophosphate, an inhibitor of mineral formation." ALP
has been considered to be one of the markers that represent
the osteogenic differentiation.”” RUNX2 and OSX are the
key transcription factors that regulate osteogenic differen-
tiation.””” An increase of these two genes have been
considered as cell undergoes osteogenic differentiation.
The higher level of expression of ALP and OSX in cells cultured
on the DL-PCL with the OM group compared to cells
cultured with OM alone suggested the possibility that the
DL-PCL architecture might help promote the cells differen-
tiation. Similar to the present results, Chuenjitkuntaworn
et al.”, reported the significant increase in the expression

of type | collagen and osteocalcin mRNAs for the primary
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human bone cells cultured on the PCL/HAp and the PCL
scaffolds fabricated by combined solvent casting and particulate
leaching techniques using sucrose as the porogen.

The ability to support bone cell adhesion and
differentiation of DL-PCL scaffold is the key issue determining
the success in new bone formation. In order to explore the
potential of clinical applications, an in vivo study of the
scaffold to repair a calvarial defect was performed. The
interaction between the scaffold and specific-immune
response was analyzed through the serum IgG of rats.
Increased serum IgG level at four and eight weeks post-
operatively from baseline was probably due to surgical
trauma which lead to endogenous upregulation of 1gG.**
There was no significant difference when comparing the
IsG levels the of SHAM and DL-PCL groups at all time
points, suggesting that B-lymphocyte activity or adaptive
immune response was in a range expected for the calvarial
defect. Furthermore, an histological analysis saw no foreign
body reaction around DL-PCL scaffolds. Thus, the DL-PCL
scaffold may become the biocompatible option for tissue
engineering. Similarly, Nisbet et al.” reported the extent
of microglial and astrocytic responses following the im-
plantation of an electrospun PCL scaffold on the rat brain.
The inflammatory microglia peaked at around four days
and persisted for 28 days. Astrocytes displayed a similar
pattern of activation. However, 60 days after implantation,
there were no scars or foreign body reactions detected
surrounding the scaffolds.

Finally, bone regeneration in the calvarial defects
of rats was assessed. During the operation, good retention
of the DL-PCL scaffolds on the implant site was observed.
This may be due to ample drainage of the exudate through
the pore structure of the scaffold prevents the accumulation
of exudate beneath the scaffold, which may dislodge the
scaffold due to the pressure build-up.” From a histological
view, new blood vessels with red blood cells were formed
in the groups receiving DL-PCL scaffold implantation. This
suggests the regeneration of vascularized bone tissue by
the scaffold. Vascularization is critical for bone regeneration

and persistence of newly formed bone tissue mass.”

Furthermore, micro-CT data demonstrated a significant
increase in BV/TV in the defects of the DL-PCL group at
four and eight weeks post-surgery and from histological
analysis, the degradation of scaffold and the newly
formed bone in the center of the defect in the DL-PCL
group at eight weeks after implantation were identified.
Interestingly, the appearance of new bone area both at
the center and edge of the DL-PCL scaffold group made
them significantly increased bone volume greater than the
SHAM group and indicate the excellent osteoconductivity
of the DL-PCL scaffolds, when implanted in vivo. This
ability might come from the highly interconnected pore
networks of the scaffolds to facilitate cells ingrowth'®as
well as the fibrous like structure of the scaffold.
Regarding the degradation rate of PCL, there was
a report showing that the degradation time for the PCL
scaffold ranged between 21 days to two years. " Generally,
a scaffold was designed to allow the seeded cells to
proliferate and secrete extracellular matrix, therefore the
gradual degradation of the scaffold will provide space
for new cell growth." In addition, the water absorption ability
of the DL-PCL scaffold may facilitate specific adsorption
of serum proteins that could help regulate the adhesion

221 Consider the amount of

and proliferation of the cells.
scaffold left in the affected area between four and eight
weeks; approximately half of the scaffold already had
degraded. Therefore, the degradation of the scaffold
should be within three to six months, which would be the
reasonable time frame in craniomaxillofacial applications.”

In conclusion, this study suggests that the DL-PCL
scaffold was suitable for bone defect repair in a critical
size rat calvarial defect model. The novel DL-PCL scaffold
could serve as a carrier for repairing bone defects. This scaffold
has enormous potential to develop as material for bone
tissue engineering applications. Further experimental and

clinical studies should be conducted to confirm these results.
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