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Abstract. Three‑dimensional printed (3DP) scaffolds have
become an excellent resource in alveolar bone regeneration.
However, selecting suitable printable materials remains a
challenge. In the present study, 3DP scaffolds were fabricated
using three different ratios of poly (ε‑caprolactone) (PCL)
and poly‑lactic‑co‑glycolic acid (PLGA), which were
0.1PCL/0.9PLGA, 0.5PCL/0.5PLGA and 0.9PCL/0.1PLGA.
The surface characteristics and degradative properties of the
scaffolds, and the response of human periodontal ligament
stem cells (hPDLSCs) on the scaffolds, were assessed to
examine the preferable ratio of PCL and PLGA for alveolar
bone regeneration. The results demonstrated that the increased
proportion of PLGA markedly accelerated the degradation,
smoothed the surface and increased the wettability of the hybrid
scaffold. Furthermore, the flow cytometry and Cell Counting
Kit‑8 assay revealed that the adhesion and proliferation of
hPDLSCs were markedlyincreased on the 0.5PCL/0.5PLGA
and 0.1PCL/0.9PLGA scaffolds. Additionally, the alkaline
phosphatase activity detection and reverse‑transcription
quantitative polymerase chain reaction demonstrated that the
hPDLSCs on the 0.5PCL/0.5PLGA scaffold exhibited the best
osteogenic capacity. Consequently, PCL/PLGA composite
scaffolds may represent a candidate focus for future bone
regeneration studies, and the 0.5PCL/0.5PLGA scaffold
demonstrated the best bio‑response from the hPDLSCs.
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Introduction
Alveolar bone defect is a common clinic issue, which may be
caused by multiple factors, including inflammation, trauma,
tumor, or congenital and developmental disorders (1). It may
have a serious impact on chewing and pronunciation, and may
even lead to serious facial dysfunction and deformities (2).
Therefore, efficient alveolar bone restoration is required
to restore function and appearance. Although bone grafts
are commonly used in alveolar bone reconstruction, these
methods have numerous drawbacks, including inducing new
defects, immune rejections and potential infection (3).
Three‑dimensional printed (3DP) scaffolds combined
with osteogenic cells and/or osteo‑inductive molecules have
emerged as a promising alternative to grafts in bone tissue
regeneration (4,5). The fused deposition modeling (FDM)
technique, a type of 3DP technique, has been successfully
used in bone tissue engineering. Scaffolds are fabricated based
on the extrusion of molten polymer fibers in a layer‑by‑layer
manner, using the data collected from a computer‑aided design
program and computer‑aided medical imaging including
computed tomography or X‑ray (6). Therefore, an FDM
scaffold is able to highly match the external morphology of
the defect and accurately restore the internal structure of the
tissue, and thus represents a powerful approach for complex
tissue engineering, particularly for cranio‑maxillofacial
constructs (1).
The ideal scaffold should be biodegradable and biocompatible. It should additionally possess a highly porous
interconnected network with excellent surface characteristics
for cell affinity and tissue regeneration (7). Selecting suitable
materials for 3DP scaffold production remains challenging.
U. S. Food and Drug Administration‑approved synthetic polymers poly (ε‑caprolactone) (PCL) and poly‑lactic‑co‑glycolic
acid (PLGA) have the advantages of being relatively low
cost, with the possibility of long‑term storage and superior
bioactivity, thus these polymers have received considerable
attention in bone regeneration (8). PCL is flexible and used in
various fabrication techniques; however, it has been demonstrated to have low degradability and inferior bioactivity (9).
PLGA is hydrophilic, biodegradable and highly biocompatible; however, is more brittle (10,11). The combined use of
PCL and PLGA may overcome the shortcomings of single
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use and become an excellent biocompatible composite, which
has been extensively applied in the clinic for various tissue
restoration procedures (12‑18). Previous studies have primarily
focused on the biocompatibility of the PCL/PLGA composite
scaffold; however, the biodegradable properties and surface
characteristics of PCL/PLGA composite scaffolds have rarely
been reported. Furthermore, few studies have examined the
application of PCL/PLGA composite scaffold in alveolar bone
regeneration.
Human periodontal ligament stem cells (hPDLSCs) possess
immense potential in bone tissue engineering, owing to their
various sources, easy attainability (19), high rates of proliferation, multi‑lineage differentiation ability (20), and great
capacity for alveolar bone (21) and tendon regeneration (22).
In order to investigate a suitable material for alveolar bone
regeneration, scaffolds with different ratios of PCL and PLGA
were fabricated via 3DP and their surface characteristics and
degradative properties, along with the response of hPDLSCs
on these scaffolds, were subsequently assessed.
Materials and methods
Fabrication of PCL/PLGA scaffolds. The scaffolds were
fabricated using a 3DP system (Bioplotter; EnvisionTEC
GmbH, Gladbeck, Germany). PCL (molecular weight
50,000; Polysciences, Inc., Warrington, PA, USA) and PLGA
(polylactic acid/polyglycolic acid 50:50; molecular weight
50,000‑75,000; Sigma‑Aldrich; Merck KGaA, Darmstadt,
Germany) were used and the ratios of PCL/PLGA were 1:9,
5:5 and 9:1. The blended powder of PCL/PLGA was melted
in a chamber at 130˚C, centrifuged at 100 x g for 10 min at
a temperature range of 130‑150˚C, and dispensed through a
27‑gauge metal needle at 135˚C to create fully interconnected
structures with diameters and heights of 15 and 1 mm, respectively. The XY dispensing head speed was 100 mm/min and
the dispensing pressure was ~650 kPa.
Surface characteristics. The microscopic appearance of the
scaffolds was observed using scanning electron microscopy
(SEM; LEO 1530 variable pressure field emission SEM; Zeiss
GmbH, Jena, Germany) at a magnification of 75 and x1,000.
The surface roughness of the scaffolds was determined using a
profilometer of laser scanning confocal microscope (LSM700;
Zeiss GmbH) at a magnification of x50 and x200. The arithmetic average of the 3D roughness (Sa) and the quadratic
average of the 3D roughness (Sq) was measured. The wettability of the scaffolds was evaluated by measuring the water
contact angle (CA), using a CA video‑based system (OCAl5;
DataPhysics, Filderstadt, Germany) and SCA20 software
(version 1.0; DataPhysics).
Degradation characteristics. Scaffolds were cut into pieces
weighing 50 mg and were immersed separately in PBS
(pH 7.4; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
at 37˚C over 12 weeks. PBS was changed every 3 weeks. At
3, 6, 9 and 12 weeks, the scaffolds were removed, rinsed with
distilled water and air‑dried at room temperature for 24 h. The
weight loss was measured using a sensitive scale (ME103;
Mettler‑Toledo GmbH, Greifense, Switzerland). The pH value
of the PBS following removal of the scaffolds was measured

using a pH meter (SevenMulti; Mettler‑Toledo). Five specimens were examined for each scaffold at each time point and
the average value was calculated and recorded.
Cell culture and identification. The protocol was approved
by the Ethics Committee of the Hospital of Stomatology, Sun
Yat‑sen University (Guangzhou, China). Informed consent
from each patient was obtained. A total of 16 healthy premolars
were acquired from four orthodontic patients aged 14‑18 years
(two males and two females) at the Hospital of Stomatology,
Sun Yat‑sen University from September 2016 to October 2016.
Teeth extracted for orthodontic treatment were included in
the present study. Teeth with cavities, periodontitis, broken
sputum or not fully developed apical foramens were excluded.
As previously described (23), hPDLSCs were isolated from
the periodontal ligament of the teeth, and cultured at 37˚C
with a limited dilution method in complete culture medium,
containing α modified eagle medium (MEM; Gibco; Thermo
Fisher Scientific, Inc.), 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin (all Gibco; Thermo Fisher
Scientific, Inc.). The osteogenic and adipogenic differentiation
potential of the hPDLSCs was investigated by alizarin red S
staining and oil red O staining, respectively. After 1 day of
culture, hPDLSCs were cultured with osteoblast‑inducing
medium (0.1 µM dexamethasone, 50 µg/ml ascorbic acid and
10 mM β‑glycerol phosphate) or adipogenic medium (100 nM
dexamethasone, 10 µg/ml insulin, 0.5 mM 3‑isobutyl‑1‑methylxanthine and 50 mM indomethacin). After 2 weeks, adipogenic
induced cells were fixed in 4% paraformaldehyde for 15 min at
room temperature and stained with Oil Red O staining solution
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
at room temperature, according to the manufacturer's protocol.
Briefly, cells were stained with reagent 1 for 15 min, washed
with distilled water for 20 sec and subsequently stained with
reagent 2 for 5 min. Furthermore, after 4 weeks, the osteoblast induced cells were fixed in 4% paraformaldehyde and
stained with Alizarin Red S staining solution (Sigma‑Aldrich;
Merck KGaA) for 3 min at room temperature. All dishes were
subsequently dried at room temperature and observed under
an optical light microscope at x200 magnification.
The colony‑forming ability was assessed using colonyforming assays as previously described (23). Briefly, human
PDLSCs (P3) were seeded in 10 cm diameter culture dishes
at a density of 1x103 cells per dish and cultured in complete
medium. After 12 days of incubation, cells were fixed in 4%
paraformaldehyde for 15 min at room temperature and stained
with 0.1% crystal violet (Sigma‑Aldrich; Merck KGaA) for
15 min at room temperature. The dishes were subsequently
washed twice with PBS and observed under an inverted microscope at x30 magnification. An aggregate of 50 or more cells
were considered colony unit and were included in the final
statistical analysis; aggregates of fewer cells were excluded.
Cloning formation efficiency was assessed by examining the
ratio of colony units and seeding cell number.
The specific surface markers of hPDLSCs, including
integrin β ‑1 [cluster of differentiation (CD)29], cell surface
glycoprotein MUC18 (CD146), CD44 (antigen CD44), thy‑1
membrane glycoprotein (CD90), hematopoietic progenitor
cell antigen (CD34) and receptor‑type tyrosine‑protein
phosphatase C (CD45) were identified by flow cytometry.
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Table I. Primer nucleotide sequences for the reverse transcription‑quantitative polymerase chain reaction.
Gene
β‑actin

ALP
OCN
RUNX2

Primer nucleotide sequence
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:

5'‑GCCTTCAAGGTGGTAGCCC‑3'
5'‑CGTTACCCGCCATGACAGTA‑3'
5'‑CATGAAATACGAGATCCACCGAGAC‑3'
5'‑ATGCGACCACCCTCCACGAAG‑3'
5'‑CCCAGGCGCTACCTGTATCAA‑3'
5'‑GGTCAGCCAACTCGTCACAGTC‑3'
5'‑TGGTTACTGTCATGGCGGGTA‑3'
5'‑TCTCAGATCGTTGAACCTTGCTA‑3'

ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, runt‑related transcription factor 2.

Briefly, once 90% confluence was reached, hPDLSCs were
trypsinized and incubated with all antibodies diluted at
1:100, CD146 (cat. no. sc‑53369), CD29 (cat. no. sc‑59827),
CD44 (cat. no. sc‑65265), CD90 (cat. no. sc‑53116), CD34
(cat. no. sc‑133082) and CD45 (cat. no. sc‑53045) at 4˚C for
16 h in the dark, all of which were mouse IgG‑flourescein
isothiocyanate (FITC) antibodies purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Cell suspensions incubated with served as controls. Finally, cells were fixed with
4% paraformaldehyde for 15 min at room temperature, washed
three times with PBS and analyzed via fluorescence‑activated
cell sorting with a flow cytometer (BD Biosciences, San Jose,
CA, USA) and BD Cell Quest Pro software (version 5.1; BD
Biosciences). Cells passaged to P4 were used in the following
experiments.

(15 min for each step), freeze‑dried and sputter coated with
gold for SEM observation.

Cell seeding. Prior to seeding hPDLSCs, the scaffolds were
immersed in 70% ethanol for 12 h, air‑dried in a clean workstation for 1 day and incubated with α‑MEM in 24‑well plates for
7 days. Subsequently, hPDLSCs were seeded on the scaffolds
at a density of 1x106 cells/well.

Alizarin Red S staining. Subsequent to 14 days of osteogenic
induction, the hPDLSCs on scaffolds were fixed in 3% paraformaldehyde for 10 min, and stained with Alizarin Red S staining
solution (Beyotime Institute of Biotechnology) for 1 min, both
at room temperature. The scaffolds were subsequently washed
twice with PBS until no more color appeared and observed
under an optical microscope at x30 magnification. Finally, 2%
cetylpyridinium chloride was added to the samples to dissolve
the mineralized nodules. The OD at 562 nm was measured
using a spectrophotometer.

Cell adhesion. Following 1 and 2 days of culture, the adherent
cells were fixed in 3% paraformaldehyde for 15 min and stained
with DAPI (Beyotime Institute of Biotechnology, Shanghai,
China) for 10 min at room temperature. The cell numbers on
each scaffold were counted in five random fields, under an
epifluorescence microscope (Observer.Z1; Zeiss GmbH) at x50
magnification.

Cell adhesion morphology. Following culturing for
7 and 14 days, the cytoskeletal morphology of the hPDLSCs
was observed using confocal laser scanning microscopy
(CLSM: LSM780; Zeiss GmbH) at a magnification of
x50 and x200, and SEM at a magnification of x75 and x1,000.
Samples for CLSM observation were fixed in 3% paraformaldehyde for 10 min at room temperature, and immersed
in 0.1% TritonX‑100 for 10 min. The cells were subsequently
stained with 1:100 Actin‑Tracker Green (Beyotime Institute of
Biotechnology) and DAPI at 37˚C for 1 h. Samples for SEM
observation were prepared by the same protocol as for cell
morphology observation.

Cell proliferation. Following culturing for 1, 3, 5, and 7 days,
the cell proliferation of hPDLSCs was assessed using a
Cell Counting Kit (CCK)‑8 assay (Beyotime Institute of
Biotechnology). At each time point, medium was replaced with
serum‑free medium containing CCK‑8 solution (0.5 mg/ml)
at 37˚C under 5% CO2 for 2 h. The optical density (OD) at
450 nm was measured using a spectrophotometer (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan).

Alkaline phosphatase (ALP) activity. Subsequent to seeding
for 1 day, the hPDLSCs were cultured with osteoblast‑inducing
medium containing 0.1 µM dexamethasone, 50 µg/ml ascorbic
acid and 10 mM β ‑glycerol phosphate. On day 7 and 14,
protein concentration and ALP activity were determined
using a bicinchoninic acid protein assay kit (Beijing ComWin
Biotech Co., Ltd., Beijing, China) and an ALP kit (Nanjing
Jiancheng Bioengineering Institute), respectively, according
to the manufacturer's protocols. OD values were measured at
560 and 520 nm, correspondingly, using a spectrophotometer.
ALP activity was normalized to the total protein amount.

Cell morphology. Following 3 days of incubation, the cell
morphology of the hPDLSCs was observed under SEM. The
samples were fixed in 2.5% (w/w) glutaraldehyde for 4 h at
4˚C, dehydrated in a 30, 50, 70, 90 and 100% ethanol series

Expression of osteogenic biomarkers. hPDLSCs were cultured
with osteoblast‑inducing medium for 7 and 14 days. Total
RNA was extracted from hPDLSCs using the RNAzol RNA
extraction reagent (GeneCopoeia, Inc., Rockville, MD, USA;
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Figure 1. Cell culture and identification of hPDLSCs. (A) Colony forming units of hPDLSCs after cultivation for 12 days. Scale bar, 2 cm (B) Single clone
of hPDLSCs. (C) Mineralized nodules identified by alizarin red S staining following osteogenic induction for 28 days. (D) Oil red O‑positive lipid clusters
identified following adipogenic induction for 14 days. (B‑D) Scale bar, 300 µm. Flow cytometric analyses for surface markers of hPDLSCs: (E) CD29;
(F) CD146; (G) CD44; (H) CD90; (I) CD34; and (J) CD45. hPDLSCs, human periodontal ligament stem cells; CD, cluster of differentiation; CD29, integrin β‑1; CD146, cell surface glycoprotein, CD44, antigen CD44; CD90, thy‑1 membrane glycoprotein; CD34, hematopoietic progenitor cell antigen; CD45,
receptor‑type tyrosine‑protein phosphatase C.

cat. no. RN190). The reverse transcription (RT) reactions were
performed using Prime Script RT Master Mix (cat. no. RR037;
Takara Bio, Inc., Otsu, Japan). The RT was performed at 37˚C
for 15 min and 85˚C for 5 sec. A quantitative polymerase chain
reaction (qPCR) was conducted using a SYBR PCR Master
Mix kit (cat. no. 4367218; Thermo Fisher Scientific, Inc.) and
10 µM specific primers in 20 µl, consisting of 40 cycles at
95˚C for 10 min, 95˚C for 15 sec, 60˚C for 60 sec, and 72˚C
for 30 sec. The data were acquired using the LightCycler480
System (Bio‑Rad Laboratories, Inc., Hercules, CA, USA).
β ‑actin was used to normalize the expression level of ALP,
osteocalcin (OCN) and runt‑related transcription factor 2
(RUNX2). The primers are presented in Table I. Relative
expression was calculated using the 2‑ΔΔCq method (24).
Statistical analysis. Data are presented as the mean ± standard
deviation (n=5) and were statistically analyzed using SPSS 13.0
(SPSS, Inc., Chicago, IL, USA). The difference among groups
was analyzed by one‑way analysis of variance followed by the
Student‑Newman‑Keuls post hoc test. P<0.05 was considered
to indicate a statistically significant difference.
Results
hPDLSC culture and identification. Colony‑forming units of
the hPDLSCs were counted and the colony formation efficiency was 30.2% (Fig. 1A and B). The hPDLSCs displayed

long spindle morphology, and demonstrated the ability for
osteogenic (Fig. 1C) and adipogenic differentiation (Fig. 1D).
The flow cytometric analyses demonstrated that the hPDLSCs
were positive for CD29 (adhesion molecule), CD146 (mesenchymal stem cell marker), CD44 (receptor molecule) and
CD90 (extracellular matrix protein); however, they were
negative for CD34 and CD45 (hematopoietic and angiogenic
lineage markers) (Fig. 1E‑J).
Surface characteristics (morphology, surface roughness and
wettability). As demonstrated in Fig. 2A, the surface of the
0.9PCL/0.1PLGA scaffold was rough and exhibited micro‑sized
pores. By comparison, the surfaces of the 0.1PCL/0.9PLGA
and 0.5PCL/0.5PLGA scaffold were smooth.
Surface roughness is exhibited in Fig. 2B and C. The
introduction of PLGA into PCL decreased the Sa and Sq.
The Sa value of 0.9PCL/0.1PLGA was significantly higher
compared with the other two groups (P<0.01). Sq values shared
the same tendency as Sa (Fig. 2C).
Water contact angle images are illustrated in Fig. 2D. The
water angle of the composites decreased and the surface hydrophilicity increased with the increasing proportion of PLGA. The
average values of the CAs of 0.1PCL/0.9PLGA (86.60±3.60˚)
and 0.5PCL/0.5PLGA (94.93±4.14˚) were significantly lower
compared with 0.9PCL/0.1PLGA (133.83±6.53˚) (P<0.01;
Table II). There was no significant difference observed between
the two lower groups.
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Figure 2. Surface characteristics of the PCL/PLGA scaffolds. (A) Scanning electron microscopy images of the 0.1PCL/0.9PLGA, 0.5PCL/0.5PLGA and
0.9PCL/0.1PLGA scaffolds. (B) Sa values of the three scaffolds. (C) Sq values of the three scaffolds. (D) CAs of the three scaffolds. *P<0.05, **P<0.01. PCL, poly
(ε‑caprolactone); PLGA, poly‑lactic‑co‑glycolic acid; Sa, arithmetic average of the 3D roughness; Sq, quadratic average of the 3D roughness; CA, contact angle.

Table II. Surface roughness and hydrophilicity of the tested
scaffolds (n=5).
Group

Sa, µm

Sq, µm

CA, ˚

0.1PCL/0.9PLGA 2.97±0.19c 3.85±0.12c
86.60±3.60c
c
c
0.5PCL/0.5PLGA 3.12±0.06 4.01±0.42
94.93±4.14c
0.9PCL/0.1PLGA 3.99±0.04a,b 5.70±0.68a,b 133.83±6.53a,b
P<0.05 vs. 0.1PCL/0.1PLGA, bP<0.05 vs. 0.5PCL/0.5PLGA, cP<0.05
vs. 0.9PCL/0.1PLGA. PCL, poly (ε‑caprolactone); PLGA, poly-lacticco‑glycolic acid; Sa, arithmetic average of the 3D roughness; Sq,
quadratic average of the 3D roughness; CA, contact angle.
a

Degradation properties/alterations in mass and pH. As
demonstrated in Fig. 3A, PLGA addition may adjust the degradation rates of PCL/PLGA scaffolds. The presence of PLGA
significantly accelerated the mass loss of the composites.
Following 12 weeks, the mass loss was 79.20±4.22, 51.89±4.56
and 10.21±2.16% for the 0.1PCL/0.9PLGA, 0.5PCL/0.5PLGA
and 0.9PCL/0.1PLGA scaffolds, respectively.
Overall, the pH values of the composites decreased
with the increasing ratio of PLGA at each time point

(Fig. 3B). At 6 weeks of degradation, the pH values of the
three different scaffolds reached the minimum, which was
6.67±0.02, 7.01±0.06 and 7.12±0.02 for 0.1PCL/0.9PLGA,
0.5PCL/0.5PLGA and 0.9PCL/0.1PLGA, respectively.
Additionally, a significant difference was observed in the pH
values between 0.1PCL/0.9PLGA and the other two scaffolds
following 3 (P<0.05) and 6 weeks (P<0.01) of degradation, and
between 0.1PCL/0.9PLGA and 0.9PCL/0.1PLGA at 9 weeks
of degradation (P<0.05).
Cell adhesion. As demonstrated in Fig. 4A, the initial
adherent number of hPDLSCs on 0.1PCL/0.9PLGA and
0.5PCL/0.5PLGA was significantly higher compared with
0.9PCL/0.1PLGA on day 1 (P<0.05) and day 2 (P<0.01).
No significant difference between 0.1PCL/0.9PLGA and
0.5PCL/0.5PLGA was revealed on day 2.
Cell proliferation. As presented in Fig. 4B, the proliferation of the hPDLSCs on different scaffolds demonstrated
a specific order at each time point with the exception of
day 1, with the ranking 0.5PCL/0.5PLGA >0.9PCL/0.1PLGA
>0.1PCL/0.9PLGA. On day 1 and day 3, no significant
difference was observed among the groups (P>0.05). On day
5 and day 7, the proliferation level was significantly higher
in 0.5PCL/0.5PLGA (OD5d=2.03±0.05; OD7d=2.33±0.13) and
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Figure 3. Degradation properties of PCL/PLGA scaffolds. (A) Mass loss and (B) pH value of the tested scaffolds during degradation in PBS (initial pH of 7.4).
*
P<0.05, **P<0.01. PCL, poly (ε‑caprolactone); PLGA, poly‑lactic‑co‑glycolic acid.

Figure 4. Adhesion, proliferation and morphology of hPDLSCs on the PCL/PLGA scaffolds. (A) Cell adhesion rates of the 0.1PCL/0.9PLGA, 0.5PCL/0.5PLGA
and 0.9PCL/0.1PLGA scaffolds at 1 and 2 days post‑seeding. (B) Cell proliferation on the scaffolds following 7 days. (C) Scanning electron microscopy images
of hPDLSCs cultured on the scaffolds following 3 days. *P<0.05, **P<0.01. hPDLSCs, human periodontal ligament stem cells; PCL, poly (ε‑caprolactone);
PLGA, poly‑lactic‑co‑glycolic acid.

significantly lower in 0.1PCL/0.9PLGA (OD5d=1.62±0.04;
OD 7d =2.11± 0.20) compa red with 0.9PCL/0.1PLGA
(OD5d=1.41±0.03; OD7d=1.95±0.01) (P<0.05).
Cell morphology. The morphology of the hPDLSCs was
demonstrated in Fig. 4C following 3 days of culture. Cells on
0.5PCL/0.5PLGA were highly branched, polygonal shaped
and exhibited clear nuclei; whereas, cells were flat on the
0.1PCL/0.9PLGA scaffold, and spindle‑like with fewer branch
points on the 0.9PCL/0.1PLGA scaffold.
Cell adhesion morphology. The cell adhesion morphology
of the hPDLSCs was observed following 7 and 14 days of

incubation on the scaffolds (Fig. 5). SEM and CLSM images
at low magnification demonstrated that with culture time,
hPDLSCs gradually grew on the scaffold surface and formed
cell layers. Subsequent to 14 days of culture, hPDLSCs grew
on the struts and additionally over the porous structure of the
0.1PCL/0.9PLGA and 0.5PCL/0.5PLGA scaffolds (yellow
arrows); whereas, hPDLSCs only covered the struts and not
the porous structure of the 0.9PCL/0.1PLGA scaffolds.
SEM images at high magnification revealed that hPDLSCs
were well adhered to the surfaces of all scaffolds. The hPDLSCs
formed denser cell layers on the 0.5PCL/0.5PLGA scaffolds
compared with on the 0.1PCL/0.9PLGA and 0.9PCL/0.1PLGA
scaffolds. CLSM images at high magnification revealed that
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Figure 5. Confocal laser scanning microscropy and SEM images of hPDLSCs on the PCL/PLGA scaffolds on day 7 and day 14. Immunofluorescence staining
with filamentous actin (green) and DAPI (blue) for seeded cells on the scaffolds. SEM, scanning electron microscope; hPDLSCs, human periodontal ligament
stem cells; PCL, poly (ε‑caprolactone); PLGA, poly‑lactic‑co‑glycolic acid.

Figure 6. Osteogenic capacity of hPDLSCs on PCL/PLGA scaffolds. Optical microscopy of (A) Alizarin Red S staining and (B) semi‑quantification of
hPDLSCs seeded on the scaffolds. (C) ALP activity of hPDLSCs seeded on the scaffolds. Reverse transcription‑quantitative polymerase chain reaction
detection of (D) ALP, (E) OCN and (F) RUNX2 of hPDLSCs seeded on the scaffolds. *P<0.05, **P<0.01. hPDLSCs, human periodontal ligament stem cells;
PLGA, poly‑lactic‑co‑glycolic acid. PCL, poly (ε‑caprolactone); PLGA, poly‑lactic‑co‑glycolic acid; ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2,
runt‑related transcription factor 2; GProt grams of protein.

abundant stress fibers and actin microfilaments were observed
on the 0.5PCL/0.5PLGA scaffolds with fewer cellular junctions
revealed on the 0.1PCL/0.9PLGA and 0.9PCL/0.1PLGA
scaffolds.
Osteogenic differentiation. Extracellular matrix mineralization of hPDLSCs on scaffolds following 14 days of osteogenic
induction is demonstrated in Fig. 6A. Markedly dense red
color in the struts of the 0.5PCL/0.5PLGA scaffolds was
observed, with pale red color on the 0.1PCL/0.9PLGA and
0.9PCL/0.1PLGA scaffolds. The semi‑quantitative analysis
(Fig. 6B) demonstrated that hPDLSCs cultured on the

0.5PCL/0.5PLGA (OD562 = 0.70±0.07) scaffolds produced
a higher level of deposited calcium compared with the
0.1PCL/0.9PLGA (OD562=0.58±0.06) and 0.9PCL/0.1PLGA
(OD562=0.42±0.04) scaffolds (P<0.05).
ALP activity was determined to assess the early osteogenic
capacity of the hPDLSCs on the scaffolds (Fig. 6C). The
overall ALP activity of the hPDLSCs on the 0.5PCL/0.5PLGA
surface was significantly higher compared with the other two
groups on day 7 and day 14 (P<0.05), apart from no significant
difference compared with 0.1PCL/0.9PLGA on day 14.
The expression of osteogenic biomarkers of hPDLSCs on
scaffolds was detected using a qPCR (Fig. 6D‑F). Overall,
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the mRNA expression of ALP and RUNX2 was higher on
day 14 compared with on day 7, while the expression of OCN
mRNA demonstrated the opposite trend. Following culturing
for 7 days, the OCN and RUNX2 mRNA expression of the
cells grown on the 0.5PCL/0.5PLGA scaffolds was significantly higher compared with the other two groups (P<0.05).
Additionally, the expression level of ALP mRNA was significantly higher in the 0.1PCL/0.9PLGA and 0.5PCL/0.5PLGA
groups compared with the 0.9PCL/0.1PLGA group (P<0.05).
Subsequent to 14 days of culture, the mRNA expression of ALP
and RUNX2 were the highest, and the difference between the
0.5PCL/0.5PLGA scaffolds and the 0.9PCL/0.1PLGA scaffolds was statistically significant (P<0.05).
Discussion
In the present study, PCL/PLGA blended scaffolds with highly
porous interconnected networks were successfully created
using the FDM technique. The topological structure of the scaffolds directly affects cell activity and tissue regeneration (25).
Karageorgiou and Kaplan (26) reported that a scaffold with
300‑500 µm pores optimized vascularization, and enhanced
cell adhesion and new tissue integration. Levenberg et al (27)
suggested that the size of the struts should not exceed 400 µm
in any dimension; otherwise, it may inhibit the O2 diffusion and
result in local tissue hypoxia and necrosis. The pore diameter
and the cross‑section of the beam and column of the scaffolds
in the present study was 300 µm, suitable for bone regeneration.
Scaffolds should break down at a rate that is harmonious
with the rate of cell growth and tissue maturation (28). The
degradation rate of the PCL/PLGA scaffolds was adjustable
by altering the concentration of PLGA. The 0.5PCL/0.5PLGA
composite scaffold demonstrated an ideal degradation rate;
the degradation of the 0.1PCL/0.9PLGA scaffold was too
fast and the 0.9PCL/0.1PLGA scaffold was too slow. PLGA
is hydrophilic, and hence is able to accelerate the hydrolytic
degradation of hybrid PCL/PLGA (29). However, PLGA had
acidic byproducts during degradation, which may consequently
inhibit cell viability and induce tissue inflammation (30). It was
revealed in the present study that with the proportion of PLGA
decreasing, the scaffolds exhibited fewer acidic byproducts,
demonstrating their potential use in biomedical applications.
Biomaterials are required to allow cell attachment, which
is termed biocompatibility (31). Following cell attachment and
proliferation, the material should break down and be replaced
by the extracellular matrix (32,33). A previous study indicated
that hybrid PCL/PLGA may facilitate the adhesion and proliferation of stem cells (34). The present data demonstrated that
hPDLSCs on the 0.5PCL/0.5PLGA and 0.1PCL/0.9PLGA
scaffolds had a significantly higher rate of attachment and
proliferation compared with the 0.9PCL/0.1PLGA scaffolds.
Furthermore, hPDLSCs on 0.5PCL/0.5PLGA presented a
uniform appearance resembling mesenchymal stem cells and
exhibited enhanced cell bridging following 7 and 14 days of
seeding. The differences may be due to the different roughness
and hydrophilicity of the scaffolds (35).
Additionally, 0.5PCL/0.5PLGA demonstrated a superior
osteogenic capacity compared with the other two scaffolds,
confirmed with higher ALP activity and higher expression
of bone‑related markers, including ALP, OCN and RUNX2,

consistent with a previous study reported by Makadia
and Siegel (29), who discovered that a PCL/PLGA composite
may induce differentiation of osteoblasts. The promotion of
osteogenic capacity may be due to improved early cell attachment and proliferation on the 0.5PCL/0.5PLGA scaffold.
Cell morphology may be another reason for osteogenesis, as
stretching of cells may affect intracellular communication and
upregulate osteogenic gene expression (36,37).
Biological behavior is associated with the surface
characteristics of the scaffolds. Generally, scaffolds must
possess adequate roughness, hydrophilicity and specific
surface topography, which are widely accepted to affect
cell attachment, proliferation and differentiation (38,39).
The present data revealed that the surface roughness of
composite scaffolds increased with the increased proportion
of PCL. Thapa et al (40) discovered a rougher surface of PCL
compared with PLGA following dissolution and deposition.
Other researchers reported that different surface topographies
resulted from pores with various sizes (5‑40 nm) formed on the
polymer surface during the crystallization process following
deposition (41), and the size of pores was strongly influenced
by the polymer blend ratio (42).
Another study suggested that the increased surface roughness provides a larger surface area, and thus leads to increased
cell adhesion (43). However, in the present study, early cell
attachment and proliferation did not alter correspondingly
with the increase in surface roughness. This result was in
accordance with studies reported by Liao et al (44) and
Deng et al (45). Therefore, superior hPDLSC responses on the
PCL/PLGA scaffolds may be attained by modifying surface
roughness with different ratios of PCL/PLGA.
Surface wettability was additionally responsible for the cell
response on the material. Highly hydrophilic surfaces facilitate the initial attachment of water molecules, promoting the
adsorption of proteins, including fibronectin (46). Furthermore,
hydrophilic surfaces demonstrate high surface energies and
enhanced cell adhesion (47,48). It was observed that the hydrophilicity of PLGA/PCL hybrid scaffolds increased with the
higher PLGA ratio, which was positively associated with cell
attachment, viability and differentiation.
In summary, the present study demonstrated that PCL/PLGA
composite scaffolds exhibited good degradation properties,
surface characteristics and cellular activities, demonstrating
potential in alveolar bone restoration, and 0.5PCL/0.5PLGA
(w/w) possessed superior bioactivity. Further studies are
required to examine the in vivo effect in animal models.
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