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3D printed poly(ε-caprolactone) scaffolds modified
with hydroxyapatite and poly(propylene fumarate)
and their effects on the healing of rabbit femur
defects†
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A large variety of approaches have been used to treat large and irregular shaped bone defects with less

than optimal success due to material or design issues. In recent years patient specific constructs prepared

by additive manufacturing provided a solution to the need for shaping implants to fit irregular defects in

the surgery theater. In this study, cylindrical disks of poly(ε-caprolactone) (PCL) were printed by fused

deposition modeling and modified with nanohydroxyapatite (HAp) and poly(propylene fumarate) (PPF) to

create a mechanically strong implant with well-defined pore size and porosity, controllable surface hydro-

philicity (with PPF) and osteoconductivity (with HAp). Cytotoxicity, irritation and inflammation tests

demonstrated that the scaffolds were biocompatible. PCL/HAp and PCL/HAp/PPF scaffolds were

implanted in the femurs of rabbits with and without seeding with rabbit Bone Marrow Stem Cells (BMSC)

and examined after 4 and 8 weeks with micro-CT, mechanically and histologically. BMSC seeded PCL/

HAp/PPF scaffolds showed improved tissue regeneration as determined by bone mineral density and

micro-CT. Compressive and tension stiffness values (394 and 463 N mm−1) were significantly higher than

those of the healthy rabbit femur (316 and 392 N mm−1, respectively) after 8 weeks of implantation. These

3D implants have great potential for patient-specific bone defect treatments.

1. Introduction

In the United States, there are more than two million people
suffering from orthopedic problems and about 800 000 bone
graft procedures are carried out annually with an estimated

cost of US$ 17 billion.1 The best treatment for the bone defects
resulting from osteoporosis related fractures, trauma, tumor
resection and bone malformation is the application of bone
autografts. Although autografts are known as the golden stan-
dard they have many drawbacks such as donor site morbidity,
difficulty in harvesting sufficient bone and the pain due to the
second surgery. Allografts and xenografts are other options but
they have drawbacks including disease transmission, immune
reactions and donor scarcity.

Particularly in the case of craniofacial defects bone grafting
involves extensive reshaping, and the final outcome is not
always satisfactory for the patients and the surgeons. Patient
specific customized tissue engineered constructs with desired
shapes and dimensions which would fit the defect perfectly
would be the ideal solution for these problems.2,3 Bone tissue
engineering which combines scaffolds, cells, and/or bioactive
agents such as growth factors is a developing strategy to
develop bone substitutes having osteoconductivity, osteoinduc-
tivity and osteogenesis. This would solve the problems due to
donor scarcity and the need for autografts. An ideal scaffold, a
cell carrier, should have structural and mechanical properties
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similar to that of the natural bone, and have a highly porous
structure with interconnected pores which would allow the
exchange of nutrients, oxygen and metabolic waste products as
well as movement of cells within its structure. In the earlier
stages of tissue engineering, sponges and fibrous structures
were used to serve as the scaffolds but the fit to the defect site
remained an unsolved problem.4 In the last decades, scaffolds
specific to the need of the patient have been produced by addi-
tive manufacturing, and one of the most promising additive
manufacturing techniques is fused deposition modeling
(FDM), which results in a highly precise pore size, an ordered
structure, predetermined interconnectivity, and a desired
shape. These implants are modeled after scanning with com-
puted tomography and printed with different techniques using
metals and polymers or composites.

Although metallic implants have the strength needed in a
load bearing bone implant, their corrosion risks, non-degrad-
ability and low cell–material interactions have made biode-
gradable polymers preferable for most bone treatments. Poly
(lactic acid) (PLA), poly(glycolic acid) (PGA), random copoly-
mers of poly(lactic acid-co-glycolic acid) (PLGA) and poly(ε-
caprolactone) (PCL) are used in scaffold preparation as biode-
gradable polymers.5–7 PCL, which is a biocompatible polymer
approved by the FDA (Food and Drug Administration of USA),
has been preferred for use in implants, drug delivery devices,
suture materials and adhesion barriers due to its good bio-
compatibility.8,9 Besides, PCL is an ideal thermoplastic
polymer for FDM due to its low melting temperature (60 °C)
which leads to easy printability, also maintaining strong crys-
tallization and moderate mechanical properties after manufac-
turing.10 But, the use of PCL alone in bone tissue engineering
applications is limited due to the feature of non osteoinductiv-
ity.11 In general PCL has been used after functionalization
with various forms of calcium phosphate, either by coating
onto or incorporating into the scaffolds.12

In bone tissue engineering applications stem cells or bone
cells are loaded and incubated in the scaffolds. A major
deficiency of many polyesters is the lack of functional groups
to attract the cells. This is remedied to some extent by the
addition of bioactive minerals such as hydroxyapatite (HAp) in
the scaffold composition. HAp is found in the natural bone as
its major inorganic component (60% of the bone composition)
and has been shown to improve the mechanical strength and
osteoinductivity when introduced to scaffolds.13,14 The pres-
ence of HAp stimulates the deposition of calcium phosphate
and that results in enhanced bone-substrate interface
strength.15 Poly(propylene fumarate) (PPF) is another biode-
gradable polymer that has been used in controlled drug deliv-
ery and scaffold preparation for bone tissue engineering.16,17

PPF degrades in vivo to fumaric acid and propylene glycol
which can be metabolized as a constituent of the Krebs
cycle.18 Fumaric acid is a key intermediate in the tricarboxylic
acid cycle in organic acid biosynthesis in humans and other
mammals. Fumaric acid and its esters are also known to have
carcinogenesis inhibitory activity, are approved for the treat-
ment of immune-mediated psoriasis disease, and are

employed in different areas such as tissue engineering, deliv-
ery of active agents, immunology, dermatology, multiple scler-
osis, neurology and cancer studies.19 Meanwhile, PPF has
unique mechanical properties suitable for bone tissue engin-
eering applications. An important property of PPF is that it can
be crosslinked with various agents easily due to unsaturated
bonds in each subunit of PPF thus improving its
characteristics.20

The goal of the present study was to produce 3D PCL
scaffolds by the FDM technique and increase their interaction
with cells by coating with HAp and PPF. This would yield a
patient specific biodegradable and bioactive composite
scaffold for advanced bone tissue engineering applications.
The cylindrical PCL scaffolds were produced using a pre-
determined model, and PCL/HAp and PCL/HAp/PPF compo-
site scaffolds were prepared by coating these structures.
Although there are many studies in the literature using PCL
and PCL/HAp scaffolds in bone tissue engineering, this is the
first study in which the PCL/HAp/PPF composite scaffolds
were prepared by additive manufacturing. Scaffolds were pro-
duced with different architectures by changing the position of
the deposited fibers on successive layers: basic (B) and basic
shift (BS) (Fig. 1A). The physical and chemical properties of
the scaffolds were characterized by using a stereo microscope,
scanning electron microscope (SEM), micro-computed tomo-
graphy (µ-CT), energy-dispersive X-ray spectroscopy (EDS) and
mechanical analysis. In cell culture experiments biocompat-
ibility and stem cell behavior on the scaffolds were investigated
under in vitro conditions by using L929 fibroblast cells and
rabbit bone marrow derived mesenchymal stem cells (BMSCs).
Finally, the in vivo bone regeneration capability of the scaffolds
was assessed after 4 and 8 weeks of orthotopic implantation in
femoral defects in rabbits.

2. Materials and methods
2.1 Materials

Poly(ε-caprolactone) (PCL) (MW 80 000 g mol−1), hydroxyapatite
(HAp) nanopowder (<200 nm), DRAQ5, FITC-labelled phallo-
idin, Irgacure 2959, Pseudomonas lipase, and fumaric acid, were
purchased from Sigma-Aldrich (USA). Trypsin/EDTA and
GeneJET RNA purification kits were obtained from Thermo
Scientific (USA). Fetal bovine serum (FBS) was obtained from
Biowest (France). Alizarin red was obtained from Cyagen.
Penicillin/streptomycin (100 U mL−1–100 μg mL−1) was a
product of Fluka (Switzerland). Alamar Blue cell proliferation
assay solution was from Invitrogen Inc. (USA). Dulbecco’s
Modified Eagle’s Medium (DMEM)-high glucose (glucose con-
centration: 4.5 g L−1) was from Lonza (Switzerland). Alkaline
phosphatase (ALP) kit was obtained from Anaspec (USA). MEM-
α (1×) + GlutaMAX™ was purchased from Gibco (USA).

2.2 PCL scaffold fabrication by FDM method

PCL scaffolds were fabricated with Bioscaffolder® (SYS+ENG,
Germany). Molten PCL pellets were extruded through a needle
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(i.d. 210 µm). Cylindrical PCL scaffolds (10 mm diameter and
1.5 mm height for characterization and in vitro studies; and
5 mm diameter and 2.5 mm height for in vivo studies) were
plotted according to a model prepared by Sketchup (Trimble
Inc., USA) up to 10 layers. Scaffolds with different architectures
were produced by changing the respective orientation of the
deposited fibers. 3D PCL scaffolds were produced according to
two different architectures, namely: basic (B) and basic shift
(BS) structures (Fig. 1A). The B scaffold was produced by the
consecutive deposition of two-dimensional (2D) layers which
have fibers that are perpendicular to each other. The BS
scaffolds with different shifting distances (0.50, 0.25, 0.20,

0.15 and 0.10 mm) were produced similarly, but each 2D layer
was deposited within a shift distance relative to the previous
layer.

2.3 Composite scaffold preparation

Nanohydroxyapatite (HAp) (5%, w/w) was suspended in di-
chloromethane (DCM) : acetone (20 : 80, v/v) solution and
scaffolds were immersed into this suspension to be coated
with the mineral. The solvents were evaporated at room temp-
erature, leaving a layer of hydroxyapatite coating on the scaffold.
For the preparation of PCL/HAp/PPF scaffolds, PPF was dis-
solved in acetone (PPF : acetone, 50 : 50, w/w), Irgacure 2959

Fig. 1 Physical characterization of 3D printed B (0 mm) and BS (shifted 0.10, 0.15, 0.20, 0.25, 0.50 mm) PCL scaffolds. (A) Schematic representations
of the PCL scaffolds in cross sectional views. (B) Stereomicrographs, (C) SEM micrographs, and (D) micro-CT of the scaffolds seen from the top. The
insets show the models at an angle. (E) Table of fiber diameters, pore size and porosity values of the B and BS scaffolds. The blue lines in (A) indicate
the change of localization of the fibers in subsequent layers. Statistical analysis of porosity was carried out by using one-way ANOVA. The porosity
differences between B–BS0.25 (*p < 0.05), B–BS0.50 (**p < 0.01), BS0.10–BS0.25 (**p < 0.01), and BS0.10–BS0.50 (**p < 0.01) are statistically
significant.
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(5%, w/w) photoinitiator was added, and HAp was added to
yield a 5%, w/w solution. The scaffolds were dip-coated in this
suspension and then exposed to UV (365 nm, distance 15 cm,
0.120 joule cm−2) in a UV crosslinker chamber (Bio-Link-UV
Crosslinker BLX-365, USA) for 30 min to crosslink the PPF.

2.4 Physical and chemical characterization of 3D scaffolds

2.4.1 Scanning electron microscopy (SEM). Scaffolds were
examined by using a Scanning Electron Microscope (SEM, FEI
Quanta 400F, The Netherlands) after sputter-coating with
gold–palladium (Au–Pd) under argon atmosphere. The chemi-
cal compositions of PCL, PCL/HAp and PCL/HAp/PPF scaffolds
were analyzed with energy dispersive X-ray spectroscopy (EDS).

2.4.2 Micro-computed tomography (µ-CT). Scaffolds were
scanned with µ-CT (Bruker μ-CT, 1172, Belgium) with appli-
cation of 11 μm per pixel size, using aluminum filters.
Samples were rotated 0.7° throughout 360°. Porosity and pore
size distributions were calculated by using CTAn software
(Bruker μ-CT, Belgium).

2.4.3 Contact angle measurements. Water contact angles
(WCA) of the PCL, PCL/HAp and PCL/HAp/PPF scaffolds were
measured by the sessile drop method using a goniometer
(Attension, Biolin Scientific, Sweden). The measurements were
made with distilled water with drop volume of 7 µL.

2.4.4 Mechanical analysis. The mechanical properties of
the 3D scaffolds (10 mm diameter and 1.5 mm height) were
studied with compression tests by using a Mechanical Tester
(Shimadzu AGS-X Universal Test Machine, Japan). The com-
pression speed was 1 mm min−1. The compressive modulus of
the scaffolds was calculated from the initial linear elastic
region of the stress–strain curves. To study the influence of
radiation on mechanical properties, mechanical tests were
also applied to the scaffolds which were irradiated with 60Co
gamma (dose 25 kGy) for sterilization.

2.4.5 Evaluation of enzymatic degradation in situ. The
stability of the scaffolds was evaluated by incubating the
scaffolds in an aqueous solution of Pseudomonas lipase
enzyme according to ASTM F-1635. Samples were incubated in
a phosphate buffered saline (PBS, 10 mM, pH 7.4) solution of
lipase (180 U L−1) at a concentration similar to that in human
serum (30–190 U L−1).21 Sodium azide (0.2%) was added to
avoid contamination and the samples were kept at 37 °C up to
35 days under dynamic conditions in an orbital shaker at 70
rpm (Innova 4000 Incubator Shaker, New Brunswick,
Germany). The samples were removed periodically, washed
with distilled water, freeze dried and weighed to determine the
weight loss. Weight loss was calculated as follows:

Weight loss ð%Þ ¼ ½ðW0 �W1Þ=W0� � 100

where W0 and W1 are the weights of dry samples before and
after degradation, respectively.

2.5 In vitro studies

2.5.1 Cytotoxicity of the scaffolds. In vitro cytotoxicity tests
of scaffolds were performed according to ISO 10993-5. The
tests were performed by using extracts of the samples obtained

by incubating the scaffolds in complete media (DMEM high
glucose medium supplemented with 10% Fetal Bovine Serum
(FBS) and 1% penicillin/streptomycin antibiotic) at 37 °C for
24 h. Meanwhile, L929 cells were seeded in 24 well plates (3 ×
104 cells per well) and incubated for 24 h before the cyto-
toxicity test. The culture media of the cells were replaced with
the extracts and cells were incubated for a further 24 h. The
cell culture treated only media (having no extracts) were used
as the control. The number of cells was determined with the
Alamar Blue cell proliferation assay.

2.5.2 Isolation and culture of bone marrow mesenchymal
stem cells (BMSCs). In the construction of the tissue engin-
eered products in vitro and in vivo, bone marrow mesenchymal
stem cells (BMSCs) isolated from New Zealand white rabbits
(6 months old, male) were used. Femurs and tibias were asepti-
cally excised and transferred into penicillin and streptomycin
containing MEM-α (1×) + GlutaMAX™ media. The metaphyseal
regions of the bones were cut and the marrow in the midshaft
was collected in a 50 mL sterile centrifuge tube. The cells were
centrifuged at 1700 rpm for 5 min to eliminate fat cells. The
resulting cell pellet was resuspended in the primary medium
and plated in T-175 flasks. After incubation for 1 week, BMSCs
were detached and frozen in FBS containing 10% DMSO and
stored in liquid nitrogen until use.

All cell culture experiments were conducted under standard
culture conditions in a CO2 incubator (37 °C, 5% CO2).
Complete media were used for cell seeding and further incu-
bation. Osteogenic media (50 μg mL−1 L-ascorbic acid, 10 nM
dexamethasone and 10 mM β-glycerophosphate) was used to
promote osteoblastic differentiation (phenotype expression) of
the bone marrow mesenchymal cells.

2.5.3 Cell adhesion and proliferation assays. Both sides of
the cylindrical scaffolds were sterilized under UV for 30 min
and then about 50 μL of BMSCs suspension was added.
Samples were maintained in a CO2 incubator for 4 h prior to
addition of the medium to ensure cell attachment onto the
scaffolds. At the end of the incubation, the volume of the
medium in the wells was completed to 1 mL. The number of
viable cells on the samples was determined with Alamar Blue
assay at predetermined time points (days 1, 7, 14 and 21).

2.5.4 Cell morphology analysis by SEM. The morphology of
BMSCs on the scaffolds was examined under SEM (FEI Quanta
400F, The Netherlands) at the end of 21 days of incubation.
The cell seeded scaffolds were washed with PBS (10 mM,
pH 7.4) twice, fixed with 4% PFA for 30 min at RT, and freeze
dried prior to SEM analysis.

2.5.5 Determination of osteogenic differentiation
2.5.5.1 Alizarin red staining. Calcium deposition by BMSCs

on the scaffolds was studied by Alizarin red (AR) staining.
Cells on the scaffolds were washed with PBS and fixed in 4%
paraformaldehyde (PFA), and stained with Alizarin red solu-
tion for 15 min at room temperature. The stereomicrographs
of the stained scaffolds were obtained.

2.5.5.2 ALP assay. The alkaline phosphatase (ALP) activity
of BMSCs was determined using an ALP kit by conversion of
p-nitrophenyl phosphate to p-nitrophenol. Briefly, BMSC
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seeded scaffolds were washed with PBS and transferred into
lysis buffer. Then, the samples were lyophilized, sonicated (30
s, 25 W) on ice, and centrifuged (2000 rpm, 10 min), and 50 μL
of p-nitrophenyl phosphate solution was added to 50 μL of the
supernatant and incubated (37 °C, 1 h). The absorbance was
measured with UV-Vis spectrophotometry at 405 nm. The
amount of enzyme was calculated from a calibration curve pre-
pared with known concentrations of p-nitrophenol.

2.5.5.3 Quantitative real-time polymerase chain reaction
(qRT-PCR). Quantitative Real Time Polymerase Chain Reaction
(qRT-PCR) was performed to measure the osteogenic differen-
tiation of BMSCs seeded on scaffolds. Primers were designed
for RUNX2, COL1A1, SPP1 and GAPDH genes (Table 1).
RUNX2 is a transcriptional factor which plays a role in control-
ling skeletal development. RUNX2 regulates the differentiation
of osteoblasts and the expression of many extracellular matrix
protein genes including COL1A1 and SPP1 during osteoblast
differentiation.22 The PCR reaction was as follows: initial dena-
turation at 95 °C for 10 min, followed by 45 cycles of 95 °C for
10 s, 58 °C for 30 s and 72 °C for 30 s. A cycle threshold (Ct)
value was obtained for each sample and averages of duplicate
sample values were obtained. Fold changes of each target gene
were calculated with the 2−ΔCt relative quantification method.
The mean Ct value of each target gene was normalized to the
averaged Ct value of housekeeping gene (GAPDH), which gives
the ΔCt value. Finally, fold changes were calculated with the
2−ΔCt formula.

2.6 In vivo studies

In vivo studies were carried out for the scaffolds before bone
implantation to check the biocompatibility, and after the
implantation to check tissue regeneration.

2.6.1 In vivo biocompatibility tests. Biocompatibility tests
(intracutaneous irritation and subcutaneous implantation)
were performed by ‘the Genetic Engineering and
Biotechnology Institute’ of TUBITAK (The Scientific and
Technological Research Council of Turkey) at Marmara
Research Center (MAM), which is an organization certified by
the ‘Ministry of Forestry and Urbanization of Turkey’ and ana-
lyses performed according to Animal Experiments Ethical
Committee Working Principles and Regulations (19.02.2013-
313). These tests are explained below.

2.6.1.1 Intracutaneous irritation test. Intracutaneous irri-
tation tests were carried out according to ISO 10993-10: 2010

and ISO 10993-12: 2012 standards. New Zealand albino rabbits
(8–12 weeks old) were used for this test. PBS (polar solvent)
and corn oil (non-polar solvent) extracts of the scaffolds were
administered to the rabbits by intradermal injection. The
same solvents were used as controls. Injection sites were exam-
ined and scored at 24th, 48th and 72nd h.

2.6.1.2 Subcutaneous implantation test. Implantation tests
were carried out according to ISO 10993-6: 2007 and ISO
10993-12: 2012 standards. Implantation tests determine the
local effects of biomaterials during implantation and involve
macroscopic and microscopic histological examinations.
Silicone was used as the control material. Test materials and
negative controls were implanted in the lumbodorsal site of
Sprague Dawley rats (3–4 months old). Local effects were
studied at the end of 28 days by dissecting the implantation
and control regions. These regions were fixed with 4% PFA
and then dehydrated with increasing concentrations of alcohol
series. Dehydrated tissues were embedded in paraffin blocks
and 5 µm thick sections were obtained. These sections were
then stained with hematoxylin–eosin (H&E) for the histological
examination.

2.6.2 Tissue regeneration. Orthotopic implantation tests
were carried out at Yeditepe University according to the
Animal Experiments Ethical Committee Approval, in agree-
ment with Ministry of Forestry and Urbanization of Turkey
Animal Experiments Ethical Committee Working Principles
and Regulations (19.02.2013-313).

2.6.2.1 Orthotopic implantation of 3D scaffolds. In these
implantation tests, BMSC-seeded and cell-free PCL/HAp and
PCL/HAp/PPF scaffolds were applied to New Zealand white
rabbits (male, 6–8 months old). BMSC-seeded scaffolds (PCL/
HAp and PCL/HAp/PPF) (1 × 106 cells per scaffold) were incu-
bated for 10 days in osteogenic medium before the implan-
tation. Surgeries were performed under anesthesia with keta-
mine (35 mg kg−1) and xylazine (5 mg kg−1). Defects (diameter
5 mm, height 2.5 mm) were created with a drill on the right
femurs of the rabbits, and the samples were introduced into
these defects. Antibiotic (Novosef IM Flakon; 100 mg kg−1,
Zentiva-Sanofi, France) was administered intramuscularly
twice a day for 3 days post-op. The animals were sacrificed at
the end of 4 and 8 weeks by inhalation of CO2.

2.6.2.2 Micro-CT analysis. Computer tomographic assess-
ment was performed to investigate the extent of bone regener-
ation and healing in terms of regenerated bone volume and

Table 1 Real-time PCR primer details

Gene Primer nucleotide sequence Product size (bp) Genbank accession number

RUNX2 F: GCCACCACCCACTACCATAC 258 XM_008262992
R: GCTTCCATCAGCGTCAACAC

COL1A1 F: AGAAATCCGCTGGAGTCTCG 380 XM_008271783
R: TCCGTTTTCACCAGGGCTAC

SPP F: CGTGGTGACAGTGTGGCTTA 249 NM_001082194
R: GTGACTTTGGGTTTCCACGC

GAPDH F: GAAGGTCGGAGTGAACGGAT 231 NM_001082253
R: TCTCGCTCCTGGAAGATGGT
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bone mineral density (BMD). Hydroxyapatite calibration rods
with densities of 0.25 and 0.75 g cm−3 were scanned under the
same conditions as for the rabbit bones for the calibration of
BMD. The samples were scanned using 100 kV and 100 μA
power and with 12 μm per pixel. An Al/Cu filter was used to
reduce the beam hardening, a 3 frame average was used to
reduce the noise, and each frame was obtained in 1710 ms.
The samples were rotated 0.4° throughout 360°. Software CTAn
and CT Vol Realistic 3D Visualization (Bruker µ-CT, Belgium)
were used for image processing in the CT reconstructions and
in the creation and visualization of the 3D representations.

2.6.2.3 Biomechanical analysis. Four-point bending tests
were performed in order to study the structural integrity of the
new bone bridging into the femur defects. The test was per-
formed by using a Mechanical Tester (Shimadzu AGS-X
Universal Test Machine, Japan), controlled by a computer
running program (Trapezium-X). Scaffold implanted femurs
(right femur) were compared with their healthy counterparts
(left femur). Rabbit femurs were placed on the same horizontal
plane, where the two lower stabilizing points were 45 mm
apart and the two upper loading points were 17 mm apart
from each other. The test was performed at 5 mm s−1 and a
maximum load of 200 N was applied. The stiffnesses of the
scaffold implanted femurs and their healthy counterparts were
calculated.

2.6.2.4 Histological analysis. Following the dissection of the
bones, samples were fixed with formalin (10%, pH 7.0) and
decalcified with Shandon TBD-2 Decalcifier for 14 days prior
to sectioning for histological analysis to study the integration
of the bone and the scaffold, tissue response to the implant
and bone formation within the defect. The samples were de-
hydrated in increasing concentrations of alcohol series and
embedded in paraffin. Longitudinal sections (5 μm thick) were
cut and deparaffinized before staining. Sections were stained
with Hematoxylin–Eosin (H&E) and Masson’s trichrome and
examined under a light microscope.

2.7 Statistics

All experiments were carried out in triplicate. Statistical ana-
lyses were performed using GraphPad Prism version 6.0
(GraphPad, San Diego, CA, USA). p-Values ≤0.05 were con-
sidered significant.

3. Results
3.1 Physical and chemical characterization of 3D scaffolds

PCL based 3D-printed porous scaffolds were prepared by the
FDM method. It has been known that the ultimate success of
the implants in tissue regeneration is influenced by design
parameters such as pore size, porosity, interconnectivity of
pores, pore size distribution within the scaffold, surface chem-
istry and mechanical properties.23,24 In this study, the scaffold
architecture was modified by changing the respective position
of the deposited fibers. The scaffolds were examined under a
stereomicroscope, SEM and µ-CT (Fig. 1). It is seen that pore

sizes and fiber dimensions did not change significantly
when different shift distances were used since the printing
parameters (such as extrusion temperature and printing rate
in the x and y directions) were kept constant. The pore size of
the scaffolds was found to be around 350 µm. In the literature,
it is stated that scaffolds with a pore size in the range
100–500 µm lead to osteoconductivity.25,26 Porosities of the
different scaffolds were found to increase from 26 to 35%
as the shift distance decreased. The lower porosity of the
basic shift (BS) scaffolds might be due to flattening of the
shifted fibers since they could not be supported with the
fibers of the underlying layers. Based on the collective results
of the SEM, micro-CT and porosity analysis, B0 and BS0.10
scaffolds were found to have a higher porosity and a more
open pore structure compared to other BS scaffolds. This led
to the leakage of the cells during cell seeding and the resultant
poor cell adhesion numbers. On the other hand, BS0.20,
BS0.25 and BS0.50 have a less open pore structure, which may
lead to insufficient cell infiltration and bone ingrowth.
Therefore, BS0.15 PCL scaffolds were chosen for use in the fol-
lowing investigations since they have moderate porosity to
support cell attachment (in vitro) and bone ingrowth (in vivo)
due to the interconnected open pores in their structures.

PCL/HAp and PCL/HAp/PPF composite scaffolds were pre-
pared by coating the PCL scaffolds with HAp and with HAp/
PPF. The morphology, porosity and distribution of HAp over
the composite scaffolds were analyzed with SEM, micro-CT
and EDS analysis (Fig. 2A–J). It was found that coating with
HAp and PPF did not significantly affect the porosity of the
composite scaffolds (PCL: 31 ± 4%, PCL/HAp: 35 ± 3% and
PCL/HAp/PPF: 36 ± 3%). As can be seen in the micro-CT
images, HAp particles were distributed homogenously over the
fibers throughout the PCL/HAp and PCL/HAp/PPF scaffolds.
Moreover, the presence of HAp particles on the scaffolds was
confirmed by EDS analysis (Fig. 2J). The weight percent of Ca
and P elements on PCL/HAp scaffolds (Ca: 6.53% and P:
4.52%) was higher than that of the PCL/HAp/PPF scaffolds (Ca:
1.22% and P: 0.76%) most probably because the PPF matrix
covered and masked the detection of HAp particles.

The wetting behavior of the scaffolds was investigated by
measurement of the water contact angle (WCA) (Fig. 2K). For
PCL and PCL/HAp scaffolds, the drop was stable on the
samples for 5 s, while for PCL/HAp/PPF, a quick decrease in
WCA indicates a hydrophilic surface. It is stated in the litera-
ture that a moderately hydrophilic surface leads to a higher
cell attachment compared to a hydrophobic surface.27–29

Pristine PCL scaffolds had a WCA of 80° while PCL/HAp had a
lower WCA value of 65°. Introduction of hydroxyapatite par-
ticles onto the fibers increased the hydrophilicity of PCL due
to the ionic nature of HAp. PPF containing scaffolds had an
even lower water contact angle value (50° at the first second
but immediately decreased to 32° in 5 s). PPF is known to be a
hydrophobic polymer. It was reported that the WCA of cross-
linked PPF was 69° and decreased to 35° upon incorporation
of HAp.30 In our experiments, similar hydrophilicity was
obtained for the PCL scaffolds coated with HAp and HAp/PPF.
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3.2 Mechanical analysis

Electromagnetic radiation is commonly used for the steriliza-
tion of tissue grafts before implantation. It has been reported

that irradiation with high energy gamma rays may lead to the
formation of reactive intermediates on polymers and these
intermediates are involved in several reaction pathways, which
may cause crosslinking or scission of the polymer backbone or

Fig. 2 Physical and chemical characterization of the PCL, PCL/HAp and PCL/HAp/PPF scaffolds designed in the BS0.15 form. (A–C) Micro-CT
results (top view) and the distribution of the HAp particles in the scaffolds (red). The cross-section in the z-direction shows the distribution of the
HAp over the fibers. (D–F) SEM micrographs of the scaffolds. (G–I) EDS results showing the presence of Ca and P ions. (J) EDS analysis of C, O, Ca
and P elements and porosity values. (K) Water contact angles of the scaffolds (PCL: A, D, G; PCL/HAp: B, E, H; PCL/HAp/PPF: C, F, I).
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the side chains.31,32 These reactions affect the mechanical pro-
perties of the polymers.33 In order to study the effect of the
gamma irradiation on the mechanical properties of the
scaffolds, compression tests were performed before and after
gamma irradiation and stress–strain curves were plotted
(Fig. 3A). As can be seen in the figure, gamma irradiation did
not significantly affect the mechanical properties of the
scaffolds.

It is possible to tune the mechanical properties that would
match with the mechanical requirements of different tissues,
through the adjustment of the fiber positioning within the
scaffold architecture.34,35 In this study, the effect of the
scaffold design and chemical composition on the mechanical
properties of the scaffolds was investigated with a compression
test (Fig. 3B). The compressive modulus was found to decrease
from 37.52 ± 0.50 to 22.80 ± 1.29 MPa upon the change in
fiber organization of the PCL scaffold from basic (B) to basic
shift (BS0.15) architecture (Fig. 3B). The lower compressive
modulus of the BS scaffold is likely to be attributable to the
shifted fibers where the fibers of subsequent layers do not
support each other.36

Compressive modulus did not change significantly by
addition of HAp as a coat onto the BS PCL scaffold.
Meanwhile, the HAp/PPF coat increased this value from 22.80
± 1.29 MPa to 33.74 ± 1.08 MPa. In the literature, it is stated
that PPF-based composite materials have a compressive
modulus in the range 23–265 MPa37,38 and is suitable to
replace the human trabecular bone which has a compressive
elastic modulus of 50–100 MPa.39 It was proposed that this
large change in PPF properties could arise from differences in
the molecular weight and crosslinking density of PPF.40 So

that, it is possible to further improve the mechanical pro-
perties of PPF based scaffolds by changing the chemical pro-
perties and the architecture of PPF scaffolds.

3.3 Evaluation of in situ degradation

Scaffolds used in tissue engineering applications are designed
to degrade at a degradation rate suitable for removal in a
reasonable period while supporting the tissue that is under-
going regeneration. Information about the degradation rates of
scaffolds is therefore very important. The enzymatic degra-
dation profiles of 3D printed scaffolds under in situ conditions
were investigated in aqueous solutions of lipase, an enzyme
secreted by the macrophages.41 Chemistry, morphology, and
porosity are the main factors that affect the degradation rate of
the scaffolds the most. Hydrolytic enzymes such as lipase
enzyme are adsorbed onto the polymer surface before initiat-
ing hydrolysis.42 Lipase enzyme cleaves the ester bonds of PCL
because of its structural similarity to lipids.43 Fig. 3C shows
the weight loss profiles of the PCL based on lipase.
Incorporation of HAp onto the scaffold increased its degra-
dation rate. It has been shown earlier that the incorporation of
a bioceramic like HAp into polymers increases polymer degra-
dation, because the ceramic fillers act as “defects” and
enhance water absorption, increasing the rate of media
diffusion into the coat and also increase the surface area for
hydrolytic attack. Thus, HAp incorporation enhances the
surface hydrophilicity and increases the invasion of the
enzyme and water into the scaffolds.44 The PCL/HAp/PPF
scaffolds demonstrated the highest degradation rate among
the three sample types because of the additional increase in

Fig. 3 (A) Stress–strain curves of PCL, PCL/HAp and PCL/HAp/PPF scaffolds before and after gamma irradiation (black: before, red: after irradiation).
(B) Compressive modulus of PCL (B and BS0.15), and BS scaffolds of PCL/HAp and PCL/HAp/PPF. (C) Weight loss of BS scaffolds of PCL, PCL/HAp
and PCL/HAp/PPF in aqueous lipase solution (180 U L−1) in 35 days. Statistical analysis was carried out by using one-way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.005, ****p < 0.0001, and ns: not significant.
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hydrophilicity as mentioned previously, as shown by a decrease
in water contact angle values.

3.4 In vitro studies

3.4.1 Cytotoxicity of 3D scaffolds. The cytotoxicity test was
conducted on the L929 fibroblasts using the complete media
extracts of the scaffolds which were prepared by incubation of
the scaffolds in the media in accordance with the ISO 10993-5
standard test method. Cell viability was measured with Alamar
Blue cell proliferation assay. Fig. 4A shows the number of cells
which were cultured with the extraction media in comparison
with those cultured with complete media as a control. PCL
and HAp have earlier been used in bone tissue engineering
without any cytotoxic effect.45 However, it was shown that
uncrosslinked PPF copolymers are highly cytotoxic (viability
<3%) compared with cross-linked networks (viability >80%).46

The results presented in Fig. 4(A and D) suggest that all the
scaffolds were nontoxic, and none of the extracts presented
any risk of cytotoxicity.

3.4.2 BMSC proliferation on 3D scaffolds. Cell viability was
evaluated based on the number of viable cells that adhered to
and proliferated on the scaffolds at days 1, 7, 14 and 21 using
Alamar Blue assay. PCL scaffolds (B and BS0.15) were com-
pared in terms of cell attachment efficiency and viability
(Fig. 4B and E). Cell adhesion was significantly higher in the
BS PCL scaffolds than in the B PCL, probably because of the
larger contact area between the cells and the scaffold in the BS
construct, and also the path of the media flow through the
scaffold. In earlier studies carried out by our group we
observed similar results35 while similar results were also
reported by Yeo et al.25 In the case of the basic structure, cells
have a clear open path along the height of the cylinder and

Fig. 4 (A and D) Cytotoxicity of PCL, PCL/HAp and PCL/HAp/PPF scaffolds performed on fibroblasts (L929) in accordance with ISO 10993-5 using
the extracts after incubation of the scaffolds in the complete medium at 37 °C for 24 h. (B and E) Viability of BMSC on PCL scaffolds (B and BS0.15)
at 21 days as studied by the Alamar Blue cell viability test. (C and F) Viability of BMSC on the BS scaffolds of PCL, PCL/HAp and PCL/HAp/PPF. (G)
SEM micrographs of BMSC seeded scaffolds (i) PCL, (ii) PCL/HAp, and (iii) PCL/HAp/PPF (day 21). Statistical analysis was carried out by using one-way
ANOVA and two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001, and ns: not significant.
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passed and leaked through these channels in the scaffold.
However, cells found higher chance of contact in BS0.15 PCL
scaffolds due to tortuous pathways of flow in these scaffolds,
which leads to improved initial adhesion and subsequent
higher cell numbers. Therefore, BS0.15 scaffolds were chosen
for the later in vitro and in vivo experiments.

The effect of the surface chemistry of the scaffold on BMSC
viability was also evaluated (Fig. 4C and F). For PCL/HAp
scaffolds higher adhesion and higher cell numbers during the
whole test duration were observed. The presence of HAp nano-
particles which is reported to be osteoconductive provided

better support for cell adhesion and proliferation. It is also
suggested that HAp particles may facilitate adsorption of
specific serum proteins that could help and regulate the
adhesion and proliferation of the cells.47 The presence of PPF
in the scaffold coat composition, however, adversely affected
the initial attachment of the cells. This is partly because of the
increased hydrophilicity of the PCL/HAp/PPF scaffolds as men-
tioned previously as shown by a decrease in water contact
angle values. It has been reported that material surfaces
should have moderate wettability with water contact angles of
40°–70° for optimal cell adhesion.48,49 The number of cells

Fig. 5 Osteogenic differentiation of the BMSCs on the PCL, PCL/HAp and PCL/HAp/PPF scaffolds (all scaffolds are BS). (A–C) Light microscope
images of the AR staining on days 7, 14 and 21. (D) ALP activities on days 7, 14 and 21. Quantitative RT-PCR results on days 7, 14 and 21 for (E)
RUNX2, (F) COL1A1 and (G) SPP1 genes. Statistical analysis was carried out by using two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.005, ****p <
0.0001, and ns: not significant.
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that adhered to the surface of PCL/HAp/PPF scaffolds was
much less than that on PCL and PCL/HAp scaffolds, however,
the cell proliferation rate was much higher than that on the
others. The number of cells increased by almost 14 fold on
PCL/HAp/PPF scaffolds while the increase was less than 2 fold
on PCL and PCL/HAp scaffolds (Fig. 4F).

3.4.3 Morphological analysis of BMSCs on 3D scaffolds by
SEM. The cellular morphology of the BMSCs seeded on PCL,
PCL/HAp and PCL/HAp/PPF scaffolds was investigated on day
21 of the cell culture using SEM (Fig. 4G). The results indicated
that the cells attached and spread well on all scaffolds; the
cells did not only spread on the fibers, but they also spread
across the fibers and attempted to fill the pores of the
scaffolds with secreted ECM. These indicate that the substrate
surface properties are very suitable for BMSC adhesion regard-
less of surface chemistry.

3.4.4 Osteogenic differentiation
3.4.4.1 Alizarin red staining. Upon differentiation BMSCs

enter into the mineralization phase and deposit mineralized
ECM. The capacity of BMSCs to deposit minerals is a marker
for osteogenic efficiency and was monitored by Alizarin red
(AR) staining of the calcium phosphate minerals on the
scaffolds on days 7, 14 and 21. Fig. 5A–C show the light micro-
scope images of BMSC seeded scaffolds and cell free (control)
scaffolds stained with AR where red color indicates the
calcium phosphate crystals.

The calcium deposition on the PCL/HAp and PCL/HAp/PPF
scaffolds was higher than that of the pure PCL scaffold,
and the color intensity increased over 21 days, suggesting
that the amount of calcium phosphate on the scaffolds
increased. This observation is in accordance with the study of
Chuenjitkuntaworn et al. (2010)50 in which positive staining
for calcium deposition was observed with increasing HAp con-
centration in the electrospun PLLA/HAp scaffolds.

3.4.4.2 ALP assay. Alkaline phosphatase enzyme (ALP) is an
early indicator of immature osteoblast activity, which plays a
significant role in the formation of bone mineral and shows
the commitment of the stem cells towards the osteoblastic
phenotype.51 The ability of the PCL based scaffolds to promote
osteogenic differentiation was studied by measuring the ALP
activity on days 7, 14 and 21 (Fig. 5D). There was a significant
increase in the ALP activity between days 7 and 14 for all
scaffolds. By day 21, the ALP activity of all the scaffolds
reached a plateau. The ALP activity of the HAp containing
scaffolds was higher than the PCL scaffold especially on day 7
and 21, which is due to the osteogenic feature of the HAp.52

3.4.4.3 Quantitative real-time polymerase chain reaction
(RT-PCR). Quantitative RT-PCR analysis was performed as a
molecular approach in addition to ALP production and the
genes RUNX2, COL1A1 and SPP1 were studied to investigate
the osteogenic differentiation of BMSCs on the scaffolds. The
RUNX2 gene plays an important role in the production and
regulation of bone matrix proteins. In this study it was found
that the RUNX2 expression on PCL/HAp/PPF scaffolds was sig-
nificantly higher than on the PCL and PCL/HAp scaffolds
(Fig. 5E). COL1A1 is the gene responsible for the production of

a certain section of collagen Type 1, the most abundant
protein in the bone matrix. The highest COL1A1 expression
was observed on days 14 and 21 for the scaffolds and the
control group (Fig. 5F). However, BMSCs expressed COL1A1 on
the PCL/HAp/PPF scaffold higher than on the control group on
day 21. SPP1 expression was also investigated (Fig. 5G). During
bone repair SPP1 plays an important role in the clearance of
debris by macrophage phagocytosis and the formation of new
bone at the edges of the bone defects. It was found that the
SPP1 expressions for the PCL/HAp/PPF and control groups
were higher than for the other groups with the control’s being
the highest, on days 3, 14 and 21. In addition, there were no
significant differences between these two groups on days 14
and 21.

3.5 In vivo studies

3.5.1 In vivo biocompatibility tests
3.5.1.1 Intracutaneous irritation test. Various immune cells

that are responsible for both innate and acquired immunity
are distributed in the skin and when the skin comes in contact
with harmful substances, irritation occurs, with symptoms like
erythema and edema.53 In accordance with the ISO 10993-10
which defines the approach for in vivo biocompatibility, intra-
cutaneous irritation tests were performed using PCL, PCL/HAp
and PCL/HAp/PPF scaffolds. The scores were determined as
0.13, 0.11 and 0.20 (ESI 2a†), indicating levels of negligible irri-
tation caused by the scaffolds on the skin of New Zealand
albino rabbits. In the literature it is reported that extracts of
PCL, HAp and PPF were studied individually for causing skin
irritation and it was found that none of them led to
irritation.54–56

3.5.1.2 Subcutaneous Implantation test. Even though PCL is
an FDA approved biocompatible polymer for use in humans, com-
posite PCL scaffolds had to be evaluated to determine whether
they had any local effects when implanted subcutaneously.
The 3 scaffolds were implanted subcutaneously in rats and the
implantation sites were observed after 28 days. The scores

Fig. 6 Implantation of scaffold into the femur of a New Zealand rabbit.
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based on number and type of inflammatory cells indicate that
the PCL, PCL/HAp and PCL/HAp/PPF scaffolds induced no
inflammatory response; all the severity scores were lower than
the lowest limit 2.9 ( ESI 2b†). In the study by Ghanaati et al.
(2012)57 HAp granules were implanted subcutaneously into
rats, and the early and late inflammatory responses were fol-

lowed for 30 days at four time points. The histological and
histomorphometrical analyses revealed that HAp in granulated
form leads to low levels of early and late inflammation.
According to a study of Fisher et al. (2002),58 implanted PPF
was studied for 8 weeks both histologically and histomorpho-
metrically. It was reported that the PPF scaffolds led to

Fig. 7 Evaluation of in vivo bone tissue regeneration. (A) Micro-CT images (dotted red circles show the defect site), (B) bone mineral density values,
(C) stiffness values at the position of compression and tension at 4 weeks and (D) 8 weeks, (E) histological photomicrographs of the BMSC seeded
and unseeded PCL/HAp and PCL/HAp/PPF scaffolds (both BS0.15) after 4 weeks of implantation. (* denotes new bone formations, arrows indicate
foreign body giant cells and macrophages, FC: fibrous connective tissue, Ob: osteoblasts, Os: osteocytes, Oc: osteoclasts.) Statistical analysis of
BMD results was carried out by using two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001, and ns: not significant.
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minimal fibrous encapsulation and PPF was categorized as
biocompatible within both soft and hard tissue.

3.5.2 Evaluation of in vivo bone tissue regeneration
3.5.2.1 Micro-CT analysis. In order to investigate the

osteoinductive and osteoconductive potential of the 3D
scaffolds, unseeded and BMSC seeded PCL/HAp and PCL/
HAp/PPF scaffolds were implanted orthotopically in the
femoral defects of the New Zealand white rabbits (Fig. 6).
Micro-CT was used to quantitatively analyze the extent of new
tissue formation and bone mineral density (BMD). It is seen
that, after 8 weeks, the control (untreated empty defect) recov-
ered at a minimum level with regions of very low mineraliz-
ation at the edges of the defect. Regions with moderate miner-
alization were detected in the defects into which BMSC free
PCL/HAp scaffolds were placed. These scaffolds displayed
better closure with bone formation from the edges towards the
center of the defect. However, the scaffolds containing BMSCs
demonstrated greater healing in all cases (Fig. 7A). The bone
mineral densities of the defects into which scaffolds were
implanted were significantly higher than that of the control
(untreated empty defect) (Fig. 7B). After 8 weeks of implan-
tation, it was also observed that the defects with BMSC seeded
PCL/HAp/PPF scaffolds mineralized at very high levels, com-
parable to the BMD values of the healthy bone.

3.5.2.2 Biomechanical analysis. The four point bending test
was applied to femurs after 4 and 8 weeks of implantation to
evaluate the healing of the bones in terms of biomechanical
performance. The stiffness of the implanted femurs was tested
at compression and tension positions. The stiffness increased
for all groups from 4 to 8 weeks, which indicates that the
defects were healing (Fig. 7C and D). The stiffness of the
defects treated with BMSC seeded scaffolds demonstrated a
significant increase compared to cell free scaffolds at both 4
and 8 weeks, which suggests that the presence of the cells
enhanced the healing of the defect. Although both the BMSC
seeded and BMSC free PCL/HAp scaffolds led to better bio-
mechanical properties at week 4, PCL/HAp/PPF implanted
femurs displayed better stiffness at the end of the test duration
(8 weeks). After 8 weeks of implantation, BMSC seeded
PCL/HAp/PPF scaffolds in particular, displayed a significantly
higher stiffness when tested at both compression and tension
positions. Based on Fig. 7D data, it can be concluded that after
8 weeks of implantation, the BMSC seeded PCL/HAp/PPF
scaffold implanted femurs recovered more successfully than
the other scaffolds.

3.5.2.3 Histological analysis. A histological study was per-
formed in order to obtain more information about the repair
process at the cellular level. Histological micrographs of tissue
sections through the femoral bone defects at 4 weeks post-op
are presented in Fig. 7E following H&E, and Masson’s tri-
chrome staining.

In the control (empty defect) extensive fibrous connective
tissue and small amounts of new bone formation are seen in
the form of spicule and trabecula. Also, intense bleeding sites
in the gaps between the trabecula and a significant amount of
foreign body giant cells and macrophages were observed. In

contrast, when scaffolds were implanted at the defect site low
levels of fibrous connective tissue formation and less bleeding
were observed. Besides, thicker trabecula formed and new
bone tissue formation occurred by the fusion of these trabe-
cula. In all the experimental groups, osteoblasts which are the
precursor cells involved in the new bone formation and osteo-
cytes, the mature bone cells, were detected. Additionally, osteo-
clasts, which play a huge role in bone removal and remodeling,
were present at the surface of trabecula. When the scaffold
groups were compared, it can be concluded that there was no
significant difference between the PCL/HAp and PCL/HAp/PPF
implanted defects. However, there was more intense connec-
tive tissue formation in the defects into which BMSC seeded
scaffolds were implanted. Shao et al. investigated the in vivo
the effect of PCL based scaffolds with or without BMSCs. It
was reported that scaffolds with BMSC led to better osteochon-
dral tissue formation compared to the control group which
showed limited osteochondral regeneration.59 Xie et al. pre-
pared mesenchymal stem cell derived microvesicles
(MSC-MVs) to be incorporated into alginate-PCL scaffolds in
order to promote angiogenesis and bone regeneration.
Histological analysis showed that more new bone formation
was observed in the presence of MV than in their absence.60

4. Conclusion

In the present study, PCL scaffolds were printed by the FDM
technique having either basic or basic shift geometry, and
were modified by coating with HAp and HAp/PPF to produce
composite scaffolds. The in vitro osteogenic potentials and
in vivo regenerative capacities of the scaffolds were investigated.
Morphological analysis and surface chemical characterization
confirmed the homogenous distribution of the HAp particles
throughout the composite coats of the scaffolds. Incorporation
of HAp/PPF onto the PCL scaffold significantly enhanced the
compressive modulus. Biological studies after seeding with
BMSCs showed enhanced cell adhesion for PCL/HAp scaffolds,
and the proliferation rate of the cells was higher in PCL/HAp/
PPF compared to that in the others. Both in vitro and in vivo
biocompatibility tests revealed that the scaffolds did not show
any cytotoxicity, irritation and inflammation. Micro-computed
tomography images and BMD analysis indicated that the
BMSC seeded PCL/HAp/PPF scaffolds had greater tissue regen-
eration at the end of 8 weeks and their stiffness was very close
to that of the healthy bone tissue. Histology revealed a favor-
able tissue response for all of the scaffold compositions. The
results demonstrate that PCL/HAp and PCL/HAp/PPF compo-
site scaffolds hold great promise as regenerative materials for
use in bone tissue engineering applications.
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