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Abstract: Three-dimensional printing is one of the most promising techniques for the manufacturing
of scaffolds for bone tissue engineering. However, a pure scaffold is limited by its biological properties.
Platelet-rich plasma (PRP) has been shown to have the potential to improve the osteogenic effect. In this
study, we improved the biological properties of scaffolds by coating 3D-printed polycaprolactone (PCL)
scaffolds with freeze-dried and traditionally prepared PRP, and we evaluated these scaffolds through
in vitro and in vivo experiments. In vitro, we evaluated the interaction between dental pulp stem cells
(DPSCs) and the scaffolds by measuring cell proliferation, alkaline phosphatase (ALP) activity, and
osteogenic differentiation. The results showed that freeze-dried PRP significantly enhanced ALP
activity and the mRNA expression levels of osteogenic genes (ALP, RUNX2 (runt-related gene-2),
OCN (osteocalcin), OPN (osteopontin)) of DPSCs (p < 0.05). In vivo, 5 mm calvarial defects were
created, and the PRP-PCL scaffolds were implanted. The data showed that compared with traditional
PRP-PCL scaffolds or bare PCL scaffolds, the freeze-dried PRP-PCL scaffolds induced significantly
greater bone formation (p < 0.05). All these data suggest that coating 3D-printed PCL scaffolds with
freeze-dried PRP can promote greater osteogenic differentiation of DPSCs and induce more bone
formation, which may have great potential in future clinical applications.
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1. Introduction

Bone injuries and defects caused by breaks, osteoporosis, pathological fractures, and tumors have
resulted in thousands of surgeries. Autogenous bone grafts are still the gold standard of treatment.
However, these grafts cannot be considered the best treatment for bone injuries and defects due to their
obvious complications [1]. Bone tissue engineering—which involves a scaffold, seed cells, and growth
factors—is now considered a more economical and effective approach to treating bone injuries and defects.
The scaffold provides the structure and mechanical properties of the tissue-engineered bone. However,
traditional methods of creating scaffolds (such as solvent casting, phase separation, fiber bonding, and
gas formation) cannot fabricate polymeric scaffolds that meet the material requirements because these
methods have limited control of the architecture and pore interconnectivity of the scaffold [2].

As 3D printing techniques continue to rapidly develop, the 3D-printed scaffold has shown
a number of advantages and is gradually replacing the traditional scaffold used in cartilage and bone
regeneration [3,4]. The 3D-printed scaffold is highly porous, with an interconnected pore structure that
can transport nutrients and metabolic waste, and can be easily manipulated to form different shapes
and sizes; thus, these scaffolds are suitable surfaces that are ideal for cell attachment and growth.
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The 3D-printed scaffold can also maintain suitable space for bone regeneration [5]. Polycaprolactone
(PCL), an FDA-approved biocompatible material, is one of the most widely used polyester polymers in
the field of bone tissue engineering [6]. Among its beneficial qualities, PCL can be readily fabricated and
is biodegradable. Previous research has shown that PCL is also suitable for cartilage tissue engineering
because it promotes cell attachment, proliferation, and matrix production [7–9]. Moreover, local PCL
hydrolysis produces a minimal amount of acid compared with the hydrolysis of other polymers widely
used in tissue engineering, such as polyglycolic acid (PGA) or polylactic acid (PLA) [10–12].

However, the bare PCL scaffold suffers from some drawbacks, such as the absence of biological
properties, that limit cell-material interactions [13]. Therefore, many researchers have tried to modify
the surface properties of PCL by improving its hydrophilicity or by introducing various functional
groups to enhance its cell-material interaction [14,15].

Platelet-rich plasma (PRP) contains a cocktail of multiple growth factors, including platelet
derived growth factor (PDGF), vascular endothelial growth factor (VEGF), transforming growth factor
(TGF-β1), basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), and insulin-like
growth factor [16–18], and is frequently used in soft and bone tissue engineering [19–22]. Studies have
shown that these growth factors strongly contribute to cell-extracellular matrix communication during
regenerative activity [23]. In a previous study, PRP was used to facilitate the healing of damaged
tissue [24]. PRP has also been applied in periodontal regenerative therapy of cartilage and osseous
defects [25,26]. Another study proved that in vitro, PRP may potentially stimulate the proliferation and
differentiation of mesenchymal stem cells (MSCs) in bone marrow [27]. To further expand the clinical
applications of PRP, it was proven that biodegradable electrospun PCL scaffolds coated with PRP can
improve the attachment and proliferation of MSCs compared to bare PCL fibers [28]. However, PRP
is difficult to store due to its liquid form. To address this difficulty, some studies have used bovine
thrombin and calcium chloride to turn liquid PRP into a solid form [29]. Recently, PRP was developed
into a gel form that was termed platelet-rich fibrin (PRF). PRF is becoming increasingly popular,
especially in the fields of clinical periodontology and oral maxillofacial surgery [30,31]. However,
PRF failed to meet the requirements of clinical application in emergency care. Several studies have
focused on developing a freeze-dried PRP, a solid form of PRP that not only solves the problem of
storage but also maintains high levels of the growth factors it contains [32]. It has been proven that a
biodegradable polymer material coated with freeze-dried PRP can improve the proliferation of human
periodontal ligament cells in vitro and neovascularization in a chorioallantoic membrane assay [32].

Dental pulp stem cells, or DPSCs, are common candidates for scaffold-based tissue engineering [33].
DPSCs can be obtained more easily than bone marrow-derived stem cells (BMSCs). As neural
crest-derived cells, DPSCs exhibit the characteristics of MSCs and have the ability to differentiate
into other cells, as proved by our previous studies [34,35]. DPSCs have been proven to be able to
differentiate into osteoblasts and to produce mineralized and extracellular matrix and bone-like
trabecular structures [36,37]. Additionally, a recent study showed that DPSCs exhibit a higher
osteogenic potency than BMSCs both in vitro and in a critical-size bone defect model [38]. DPSCs are
thought to be a potentially useful source for bone regeneration due to their high rates of proliferation
and differentiation [39].

We hypothesized that a 3D-printed PCL scaffold coated with freeze-dried PRP would improve
the biological responses between the scaffold and the cells. In this study, we prepared the 3D-printed
PCL scaffold by coating it with PRP via immersion, followed by freeze-drying. We examined the
bone matrix formation around the scaffold in vitro using DPSCs seeded and cultured in the PRP-PCL
scaffold; we assessed bone formation in vivo through the use of a critical-sized calvarial bone defect
rat model to evaluate the effect of the PRP-PCL scaffold in bone regeneration.
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2. Materials and Methods

2.1. Printing of 3D Scaffolds and Surface Treatment

The pure PCL scaffold was prepared with polycaprolactone powder (Cat# 25090, MW = 50,000,
Polysciences, Warrington, UK) and a 3D-Bioplotter (Envisiontec, 3D-Bioplotter, Gladbeck, Germany).
The nozzle size and strand distance of the scaffold were 200 and 300 µm, respectively. The powder was
placed in a steel syringe fastened to the printer and dispensed through a steel nozzle at temperatures
>100 ◦C by applying air pressure (600 ± 25 kPa), and the feed rate was set at 80 mm/min. The PCL
scaffolds were printed with a 5.0 mm diameter and were 1.0 mm in height. All scaffolds were sterilized
with ethylene oxide before use [40]. Before coating with PRP, the scaffolds were first treated with
ethanolic sodium hydroxide and 30% 0.25 M NaOH:70% absolute ethanol for 2 min to improve surface
wettability [41]. Finally, the scaffolds were observed under a scanning electron microscope (SEM,
Hitachi, S-450, Tokyo, Japan).

2.2. Preparation of Platelet-Rich Plasma

Platelet-rich plasma (PRP) was prepared from healthy, non-smoking volunteers aged 18–25 years
using two methods: “Traditional PRP” and “Freeze-dried PRP”. In Traditional PRP, or the classical
two-step centrifugation method [20], the blood was first centrifuged at 2400 rpm for 10 min so that we
could separate PRP and platelet-poor plasma (PPP) portions from the red blood cell fraction. Next,
the portions were centrifuged at 3600 rpm for another 15 min to concentrate the PRP. The upper 3/4
of the liquid was discarded, and the remainder was PRP. Eventually, we obtained approximately
1.5 mL of PRP from 8 mL of blood. In the freeze-dried PRP method, PRP was collected and activated
using a freeze-thaw cycle [28]. First, PRP was stored at −80 ◦C for 24 h, stored at room temperature
for 1 h, and then refrozen. After three cycles, PRP was centrifuged at 12,000 g for 10 min at 4 ◦C.
The supernatant containing growth factors was recovered and kept frozen at −80 ◦C until use.

2.3. Coating Scaffolds with PRP

PCL scaffolds were immersed in PRP in a dish at room temperature for 5 min and then placed
at −80 ◦C for 30 min. Next, the frozen samples were immediately freeze-dried using a Freeze-Dryer
(CHRIST, Alpha 2-4 LD plus, Osterode, Germany). The freeze-dried PRP-PCL scaffold could be stored
at 4 ◦C until use. Another group of PCL scaffolds (traditional PRP-PCL scaffolds) were immersed
in PRP for 5 min at room temperature, and then 20 µL thrombin (100 IU/mL, Sigma, Darmstadt,
Germany), and 20 µL 20% CaCl2 were mixed and loaded onto each PCL scaffold. These coated
scaffolds were then placed in a 24-well plate.

2.4. Cell Culture

Human dental pulps were extracted from wisdom teeth of healthy, young adult volunteers
undergoing orthodontic treatments according to a previously described protocol. After extraction, the
teeth were cleaned and disinfected with 75% ethanol. The pulp chamber was exposed using sterilized
dental fissure burs to obtain the pulp tissue, which was then stored in sterile tubes at 4 ◦C in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, Carlsbad, CA, USA), 100 U/mL penicillin-G, and 100 µg/mL
streptomycin. Each dental pulp was cut into pieces as small as possible under sterile conditions using
a scalpel. The pulp pieces were transferred to a small capsule for digestion using collagenase type
I. After 30 min, DMEM containing 5% FBS was added to stop the collagenase-mediated digestion.
The suspension was collected and then filtered through a 70 µm cell strainer to obtain a homogenous
suspension of DPSCs, which was then collected and centrifuged for 5 min at 1000 rpm. The cells
were resuspended in DMEM, supplemented with 5% FBS, 100 U/mL penicillin-G, and 100 µg/mL
streptomycin and were plated at 5 × 103 cells/cm2. The cell culture medium was changed every
two days. When the cells reached 80–90% confluence, we expanded the culture in the next passage.
Passages III–V were used in the following tests.
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2.5. In Vitro Experiments

2.5.1. Scaffold Characterization

The morphology of the freeze-dried PRP-PCL scaffold, the traditional PRP-PCL scaffold and the
bare PCL scaffold were observed under a scanning electron microscope. The samples were washed
with PBS, fixed in glutaraldehyde, and dehydrated in an alcohol series. The scaffolds were dried and
glued onto the holder, coated with gold under a vacuum using an ion coater, and then observed.

2.5.2. Cell Attachment

The DPSCs were trypsinized and resuspended, and 1 × 105 cells were seeded onto each scaffold.
After 24 h, the culture medium was discarded and the scaffold was fixed in 4% paraformaldehyde
solution for 30 min. Before staining with 100 nM rhodamine phalloidin (Cytoskeleton, Denver, CO,
USA) for 30 min and 50 µmol/L 4’,6-diamidino-2-phenylindole (DAPI) for 10 min, the cells on the
scaffold were treated with 0.1% Triton X-100 for 5 min and washed with PBS three times. Finally, the
cell adhesion on the scaffold was observed using a fluorescence microscope (ZEISS, Axio observer Z1,
Oberkochen, Germany).

2.5.3. Cell Migration

DPSCs were cultured with DMEM without FBS for 24 h and were then seeded in a transwell
chamber. The three groups of scaffolds were placed in a 24-well plate filled with DMEM supplemented
with 5% FBS, 100 U/mL penicillin-G, and 100 µg/mL streptomycin. The transwell chamber was
placed in the plate, and then 1 × 105 DPSCs were resuspended with 200 µL DMEM and seeded into
the transwell chamber. After 12 h, the chambers were washed with PBS and fixed in 95% alcohol for
15 min. The cells inside the chamber were discarded with a swab and the chambers were treated with
0.2% crystal violet for 15 min. After washing with PBS again, the number of cells at the bottom of the
chamber was calculated from six samples using an optical.

2.5.4. Cell Proliferation

The cellular viability of the samples was detected using the Cell Counting Kit-8 (CCK-8, Dojindo,
Kumamoto, Japan) according to the protocol. Each scaffold was seeded with DPSCs adjusted to
a population of 2000 cells/mL in 96-well plates. The cell-seeded scaffolds were incubated at 37 ◦C in
5% CO2 and the medium was replaced every two days. At 1, 3, 5, and 7 days, the culture medium
was discarded and the cells were washed with PBS. A mixture consisting of 10 µL CCK-8 solution
and 100 µL DMEM was added to the cells, which were then incubated for 2 h. The absorbance was
measured at a 450 nm wavelength using a microplate reader (TECAN, Männedorf, Switzerland).

2.5.5. Alkaline Phosphatase (ALP) Activity Assay

At 7, 14, and 21 days after the cells were seeded on the scaffolds, the samples were washed with
PBS three times. 200 µL 1% Triton X-100 was added to lyse the cells on the scaffold overnight at 4 ◦C,
and then the protein content of each sample was measured using a BCA Protein Assay Kit (CWBIO,
Beijing, China). ALP activity was determined using the ALP Activity Assay Kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the protocol. Finally, the resultant absorbance
was measured at a wavelength of 520 nm using a microplate reader.

2.5.6. RNA Isolation and Analysis by Reverse Transcription Polymerase Chain Reaction (RT-PCR)

At seven and 14 days, the specimens were rinsed with PBS three times and total RNA was isolated
using Trizol (Life Technologies, Waltham, MA, USA) and purified according to the manufacturer’s
protocol. The RNA concentration and purity were determined using a NANODROP 2000c
Spectrophotometer (Thermo Scientific, Waltham, MA, USA). The extracted RNA was reverse-transcribed
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into cDNA using a Prime ScriptTM RT Master Mix (Takara, Seoul, Korea). Quantitative real-time
polymerase chain reaction (RT-PCR) was performed in triplicate using a LightCycler® 480 (Roche
Applied Science, Penzberg, Germany) and the LightCycler® 480 SYBR Green I Master Kit (Roche
Applied Science). The primers and probes for the reference gene GAPDH and for the target genes
RUNX2, ALP, OPN and OCN were designed using Primer Premier 6 software (Table 1, Premier
Biosoft, Palo Alto, CA, USA). The relative gene expression was quantified using the standard
2-(∆∆C(t)) method.

Table 1. PCR Primers for ALP, RUNX2, OCN, OPN, and GAPDH.

Gene Prime Sequence (F, Forward; R, Reverse; 50–30) Product Size (bp)

ALP F: GCAACTTCCAGACCATTGGC
R: TCCCACTGACTTCCCTGCTT 119

RUNX2 F: CGTGGCCTTCAAGGTGGTAG
R: GAGGCATTCCGGAGCTCAG 105

OCN F: AGCAAAGGTGCAGCCTTTGT
R: GCGCCTGGGTCTCTTCACT 63

OPN F: ACATCCAGTACCCTGATGCTACAG
R: TGGCCTTGTATGCACCATTC 81

GAPDH F: GATTCCACCCATGGCAAATT
R: TCTCGCTCCTGGAAGATGGT 95

2.6. In Vivo Bone Regeneration

2.6.1. Surgery Procedures

The experimental protocol followed in this study was approved by the Animal Ethical and Welfare
Committee of Sun Yat-Sen University. Bilateral 5 mm calvarial defects were created in 24 adult male
Sprague-Dawley rats (200 ± 20 g). All animals were anesthetized via intraperitoneal injection of 10%
chloral hydrate (300 mg/kg) and diethyl ether. The surgical site was sterilized using iodophor. The hair
covering the calvarial bone was shaved and a full-thickness incision was made. The periosteum
underlying the skull was sharply incised in order to sufficiently expose the bone for the trephine.
The area was drilled using a trephine with cool saline to produce a 5 mm calvarial defect in both sides
of the calvarial bone. The scaffolds were placed in the defects while another set of defects were left
untreated to serve as controls. The incisions were closed with surgical sutures. The animals were kept
in a warm place until they awoke and were set free to have food and water (Figure 1).
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2.6.2. Harvesting of Samples

The animals were sacrificed at 4, 8, and 12 weeks postoperatively. The calvarial bones
were harvested and fixed in 4% paraformaldehyde solution for 48 h at 4 ◦C. The fixed samples
were washed with PBS three times and were processed and analyzed histologically and by
micro-computed tomography.

2.6.3. Micro-CT Analysis

Each sample was assessed using a micro-computed tomography (Micro-CT) scanner (SCANCO
µCT50, Muttenz, Switzerland) with a resolution of 20 µm, a source voltage of 70 kV and a current of
200 µA. Three-dimensional images were obtained and analyzed using Mimics software (Mimics 17.0,
Materialise, Leuven, Belgium).

2.6.4. Histological Staining

After the Micro-CT scan, the samples were decalcified with EDTA solution, dehydrated through
a series of graded ethanol solutions, and embedded in paraffin. The samples were sliced into
5 µm sections. All sections were stained with hematoxylin-eosin staining and visualized using an
optical microscope.

2.6.5. Statistical Analysis

All experiments were carried out in triplicate. Analysis of variance (ANOVA) was applied to test
the significance of the observed differences between the study groups. Differences were considered
significant when p < 0.05.

3. Results

3.1. Characterization of 3D-Printed PCL Scaffolds after Surface Treatment

The surfaces of the scaffolds were observed by SEM, as shown in Figure 2. The bare scaffold
in Figure 2a had a relatively smooth surface. After treatment with ethanolic sodium hydroxide, the
surfaces of the scaffold became rough and had micro-size pores (Figure 2b,d,f), which were sufficient
for the initial cell attachment.
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Figure 2. Characterization of 3D-printed polycaprolactone (PCL) scaffolds before (a,c,e) and after (b,d,f)
treatment with ethanolic sodium hydroxide. At a higher magnification, we can see the roughness and
micro-size pores (d,f). The magnification levels were ×100 (a,b), ×500 (c,d) and ×30,000 (e,f).
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3.2. Characterization of 3D-Printed PRP-PCL Scaffolds

The morphology of the fabricated scaffolds was observed via SEM, as shown in Figure 3. The SEM
observations revealed that the pore size of the scaffolds ranged from 250 to 300 µm. Compared with the
traditional way of manufacturing the scaffold, 3D printing allows for much easier control of the pore
size, interconnectivity, geometry of the pore structure, and reproduction of the resulting scaffold [42].
The bare PCL scaffolds shown in Figure 3c,f,i had relatively smooth surfaces. It has been proven
that a smooth surface is not sufficient for cell attachment [43]. By coating the scaffold with PRP, we
could see that the surface of the scaffold was absorbed by the PRP regardless of whether the PRP was
freeze-dried (Figure 3a,d,g) or activated by CaCl2-thrombin (Figure 3b,e,h). Both coated scaffolds
showed randomly distributed PRP around the scaffold surface. All scaffolds were observed at three
different magnifications (×200, ×800, ×3000).
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Figure 3. Scanning electron microscope (SEM) microphotographs of freeze-dried platelet-rich plasma
polycaprolactone (PRP-PCL) scaffolds (a,d,g), traditional PRP-PCL scaffolds (b,e,h), and bare PCL scaffolds
(c,f,i) at ×200, ×800, and ×3000 magnification. PRP could be seen after coating with freeze-dried PRP-PCL
scaffolds (a,d,g) or traditional PRP-PCL scaffolds (b,e,h). Randomly distributed PRP are visible around
the surface of the scaffolds, while no PRP are visible on the bare PCL scaffolds (c,f,i).

3.3. Effect of the PRP-PCL Scaffold on Cell Attachment

DPSC nuclei were stained in blue, and the fibrin thread of the cells were stained in red.
We calculated the number of cell nuclei using Image J software (Image J 2×, National Institutes
of Health, Bethesda, MD, USA). As shown in Figure 4, we observed that the number of DPSCs
on the PRP-PCL scaffolds was markedly higher than those on the bare PCL scaffolds. There was
also a statistically significant difference between the freeze-dried PRP-PCL scaffold and the traditional
PRP-PCL scaffold, which indicated that the freeze-dried PRP-PCL scaffold promoted more cell attachment.
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Coating the scaffold with PRP can promote scaffold wetting, which is beneficial for cell attachment.
Moreover, the growth factors of PRP may endow the scaffold with high cell-loading properties.
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3.4. Effect of the PRP-PCL Scaffold on Cell Migration

The cells in six random samples were counted under an optical microscope at ×50 magnification.
As shown in Figure 5, we visually observed that the number of migrated cells at the bottom of the
transwell chamber in the freeze-dried PRP-PCL scaffold group was significantly higher than those of
the traditional PRP-PCL scaffold group and the bare PRP-PCL scaffold group. There was no significant
difference between the traditional PRP-PCL scaffold and bare PRP-PCL scaffold groups.
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3.5. Effect of the PRP-PCL Scaffold on Cell Proliferation

In order to identify the effect of the PRP-PCL scaffolds on DPSC proliferation, we used the Cell
Counting Kit-8 to test the DPSCs at 1, 3, 5, and 7 days after seeding on the scaffolds. As shown in
Figure 6, we observed that as time progressed, cell proliferation could be seen in the PRP-PCL groups
and in the bare PCL scaffold group. There was no statistically significant difference between each
group on the same day (Figure 6a).
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Figure 6. (a) Cell proliferation on the freeze-dried PRP-PCL scaffolds, traditional PRP-PCL scaffolds
and bare PCL scaffolds 1, 3, 5, and 7 days after seeding; (b) ALP activity of the freeze-dried PRP-PCL
scaffolds, traditional PRP-PCL scaffolds and bare PCL scaffolds seven and 14 days after seeding
(* p < 0.05, ** p < 0.01).
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3.6. ALP Activity Assay

The ALP activity was evaluated using the ALP Activity Assay Kit at 7, 14, and 21 days. From the
data shown in Figure 6b, we observed that the ALP activity of the cells cultured on scaffolds increased
with an increasing number of days. The ALP activity of the freeze-dried PRP-PCL scaffold was
significantly higher than those of the traditional PRP-PCL scaffold and the bare PCL scaffold (control)
at 7, 14, and 21 days (p < 0.05). However, there were no statistically significant differences between the
traditional PRP-PCL scaffold and the bare PCL scaffold except at 21 days (p < 0.05).

3.7. Differentiation of DPSCs: RT-PCR

The in vitro analyses of bone-specific gene expression are summarized in Figure 7. From the data,
we observed that except for the expression of OCN by DPSCs on the traditional PRP-PCL scaffold at
14 days, the expression of RUNX2, ALP, OCN, and OPN by DPSCs on all PRP-PCL scaffolds at seven
and 14 days were significantly higher than those on bare scaffolds. However, the level of OCN gene
expression had contrasting results that showed that its expression was higher at 14 days than at seven
days in all the scaffolds. The expression of ALP in the DPSCs on the traditional PRP-PCL scaffold was
also higher at seven days than at 14 days. All of these differences were statistically significant except
for the differences in expression of RUNX2 and OPN at seven days and OCN at 14 days between the
freeze-dried PRP-PCL scaffolds and the traditional PRP-PCL scaffolds, which showed no statistical
significance. The expression of OCN by DPSCs on both the traditional PRP-PCL scaffold and the
bare PCL scaffold also showed the same result. At each time point, DPSCs cultured on the traditional
PRP-PCL scaffold showed significantly higher expression of ALP, RUNX2, and OPN genes than those
cultured on bare PCL scaffolds; moreover, data showed a better result that was statistically significant
between the freeze-dried PRP-PCL scaffold and the bare PCL scaffold.

The gene expression levels of RUNX2, OCN, and OPN were highest in the freeze-dried PRP-PCL
scaffolds, which indicated that the freeze-dried PRP promoted the osteogenic differentiation of DPSCs.
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3.8. Micro-CT Analysis of the Critical-Size Calvarial Bone Defect in Rats

In order to evaluate the osteoinductive and osteoconductive potential of the 3D-printed PCL
scaffolds coated with PRP, the freeze-dried PRP-PCL scaffolds, traditional PRP-PCL scaffolds and
bare PCL scaffolds were implanted orthotopically on the critical-size calvarial bone defect in rats.
All animals used in this experiment were healthy and were sacrificed 2, 4, 8, or 12 weeks after the
implantation. Micro-CT analysis was performed using the samples obtained at these time points.
The images showed that the defects of the bare PCL scaffold group remained largely open, with
minimal mineralized new bone at the center of the defects or on regions confined mostly to the defect
edges. Defects implanted with freeze-dried PRP-PCL scaffolds or the traditional PRP-PCL scaffolds
showed more bone growth. Figure 8 shows that there was no significant difference among the three
groups at two weeks. However, at 4, 8, and 12 weeks, the percentage of new bone formation in the
experimental groups of both freeze-dried PRP-PCL scaffolds and the traditional PRP-PCL scaffolds
were significantly higher than that of the bare PCL scaffold group. Compared with the traditional
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PRP-PCL scaffold group, the freeze-dried PRP-PCL scaffold group showed a significantly higher rate
of new bone formation.Materials 2017, 10, 831  11 of 16 
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Figure 8. Evaluation of bone formation in calvarial defects via micro-CT. Representative micro-CT
images of calvarial defects showing mineralized bone formation after treatment with freeze-dried
PRP-PCL scaffolds (a,d,g,j), traditional PRP-PCL scaffolds (b,e,h,k) and bare PCL scaffolds (c,f,i,l).
The bone tissue in the circle represents the regenerated bone. (m) Regenerated bone formation rate at
2, 4, 8 and 12 weeks after scaffold implantation (* p < 0.05, ** p < 0.01).

3.9. Histological Analysis Using H&E Staining

To investigate new bone formation, histological sections of implants taken 4, 8, and 12 weeks
after surgery were stained with H&E and then analyzed. In the bare PCL scaffold group at four
weeks (Figure 9(g1–i1)), most regions of the defect were filled with connective fibrous tissue, and
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there was little new bone to be found. In the groups at eight and 12 weeks, more new bone could
be seen in the defects. Compared with the bare PCL scaffold group, defects implanted with the
freeze-dried PRP-PCL scaffold (Figure 9(a1–c1), (a2–c2) and (a3–c3)) or the traditional PRP-PCL
scaffold (Figure 9(d1–f1), (d2–f2) and (d3–f3)) had more new bone formation at 4, 8, and 12 weeks
post-implantation. The freeze-dried PRP-PCL scaffolds showed a faster rate of new bone formation than
those of the traditional PRP-PCL scaffolds. At higher magnification, large amounts of bony nodules that
can lead to the formation of thin strips of bony tissue could be seen (Figure 9(c1)). The morphological
characteristics of normal bone were shown by the newly formed bone-like tissue. The figure shows
that osteocytes were embedded in their lacuna and that osteoblasts lined the outer edge of the bone
tissue. Moreover, the results of the H&E staining (Figure 9j), which were evaluated using the software
Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA), were similar to the micro-CT results.
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Figure 9. Histological sections stained with H&E showing calvarial defects treated with freeze-dried
PRP-PCL scaffold (a1–c1,a2–c2,a3–c3), traditional PRP-PCL scaffold (d1–f1,d2–f2,d3–f3) and bare PCL
scaffold (g1–i1,g2–i2,g3–i3) at 4, 8, and 12 weeks after implantation. The bone-like tissues between the
dashed lines are newly formed bone. Empty circles are the scaffold locations. (j) New bone formation
rate at 4, 8, and 12 weeks after scaffold implantation (* p < 0.05, ** p < 0.01).

4. Discussion

In this study, 3D-printed PCL scaffolds were used because the use of 3D printing technology
allows for custom-designed scaffolds with controlled microstructures and interconnected porous
structures [44,45]. With the rapid development of tissue engineering, 3D-printed scaffolds have
seen widespread use in bone tissue engineering [46], cartilage tissue engineering [3], cardiac tissue
engineering [47], and so on. In addition, PCL is one of the most commonly used thermoplastic
polymers for 3D printing due to its prior FDA approval, biocompatibility, and biodegradability [48–50].
Moreover, its degradation by hydrolysis is relatively slow [51], so the use of a 3D-printed PCL scaffold
for bone tissue engineering can be considered a good choice.
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In order to evaluate the effect of the freeze-dried PRP on bone regeneration, we used both
the freeze-thaw-freeze (FTF) cycle and CaCl2-thrombin to activate PRP and directly compared the
osteogenesis effects of both types of PRP. The freeze-thaw-freeze (FTF) cycles were a relatively cheap
and easy way to activate PRP while allowing it to retain the properties of proliferation and adhesion [52].
FTF promotes cytokine expression avoiding the use of CaCl2 or thrombin, which interfere with cell
proliferation and differentiation. Moreover, it has been previously proven that after freeze-drying, the
growth factors derived from frozen platelets still remain in viable condition [53].

The data indicated that the ALP activity of the freeze-dried PRP-PCL scaffold was significantly
higher than that of the traditional PRP-PCL scaffold at 7, 14, and 21 days. Compared to the traditional
PRP-PCL scaffold group, the freeze-dried PRP-PCL scaffold group showed significantly higher rates
of new bone formation. All these data showed that the freeze-dried PRP method, which is the more
convenient and efficient method of forming PRP, promoted greater bone formation than the traditional
PRP method, which relies on activation of PRP via the use of CaCl2 or thrombin. A recent study
showed that compared with the traditional PRP, freeze-dried PRP retained comparatively more growth
factors after storage for four weeks at room temperature [54]. Another study showed that compared
with traditional PRP, freeze-dried PRP released more growth factors, such as PDGF-BB and TGF-b1,
and induced more bone formation in vivo [55]; these features could further improve the advantages of
the freeze-dried PRP.

Our results clearly indicated that coating 3D-printed PCL scaffolds with freeze-dried PRP can
promote mineralization and osteogenesis in vivo. This result may be attributed to the growth factors
derived from PRP, which include vascular endothelial growth factor (VEGF), platelet derived growth
factor (PDGF), basic fibroblast growth factor (bFGF), transforming growth factor (TGF-β1), epidermal
growth factor (EGF), and insulin-like growth factor. However, the mechanism is not completely
understood. The results found in this study may provide new treatment options that involve using
3D-printed PCL scaffolds in bone tissue engineering. However, the assessed explantation time points
were 4, 8, and 12 weeks, which were considered relatively short; thus, an investigation over a longer
time period, such as 16 weeks, may be required.

Further studies will be carried out to investigate the mechanisms by which PRP promotes
mineralization and osteogenesis in vitro and in vivo. Additionally, it would be interesting to combine
synthetic and natural materials instead of using a single material to manufacture scaffolds, thereby
improving the bone regeneration capability.

5. Conclusions

We coated 3D-printed PCL scaffolds with freeze-dried PRP or traditional PRP and compared their
relative abilities to drive osteoinduction in vitro and in vivo. Compared with the traditional PRP-PCL
scaffolds and the bare PCL scaffolds, the freeze-dried PRP-PCL scaffolds exhibited greater ability to
promote osteoinduction. The freeze-dried PRP also induced significant increases in ALP activity and
the gene expression of ALP, OCN, RUNX2, and OPN compared with the traditional PRP-PCL and bare
PCL scaffolds. Moreover, the developed freeze-dried PRP-PCL scaffolds showed better properties in
terms of their ability to orthotopically increase bone regeneration. These results indicated that coating
3D-printed PCL scaffolds with freeze-dried PRP might better support bone regeneration than either
traditional PRP-PCL scaffolds or bare PCL scaffolds.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (NSFC)
(No. 81100734).

Author Contributions: Jinming Wang, Junda Li, and Meilin Chen conceived and designed the experiments.
Junda Li, Meilin Chen performed the experiments, analyzed the data and wrote the manuscript. Jinming Wang,
Xiaoying Wei, and Yishan Hao revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2017, 10, 831 14 of 16

References

1. Brydone, A.S.; Meek, D.; Maclaine, S. Bone Grafting, Orthopaedic Biomaterials, and the Clinical Need for
Bone Engineering. Proc. Inst. Mech. Eng. H 2010, 224, 1329–1343. [CrossRef] [PubMed]

2. Sachlos, E.; Czernuszka, J.T. Making Tissue Engineering Scaffolds Work. Review: The Application of Solid
Freeform Fabrication Technology to the Production of Tissue Engineering Scaffolds. Eur. Cells Mater. 2003, 5,
29–39, discussion 39–40. [CrossRef]

3. Jeong, C.G.; Hollister, S.J. A Comparison of the Influence of Material on in Vitro Cartilage Tissue Engineering
with PCL, PGS, and POC 3D Scaffold Architecture Seeded with Chondrocytes. Biomaterials 2010, 31,
4304–4312. [CrossRef] [PubMed]

4. Kemppainen, J.M.; Hollister, S.J. Differential Effects of Designed Scaffold Permeability on Chondrogenesis
by Chondrocytes and Bone Marrow Stromal Cells. Biomaterials 2010, 31, 279–287. [CrossRef] [PubMed]

5. Hutmacher, D.W. Scaffolds in Tissue Engineering Bone and Cartilage. Biomaterials 2000, 21, 2529–2543.
[CrossRef]

6. Petrie, A.C.; Cooper, J.J.; Sefcik, L.S.; Tholpady, S.S.; Ogle, R.C.; Botchwey, E.A. Osteogenic
Differentiation of Dura Mater Stem Cells Cultured in Vitro on Three-Dimensional Porous Scaffolds of
Poly(Epsilon-Caprolactone) Fabricated via Co-Extrusion and Gas Foaming. Acta Biomater. 2008, 4, 1187–1197.
[CrossRef] [PubMed]

7. Kim, H.J.; Lee, J.H.; Im, G.I. Chondrogenesis Using Mesenchymal Stem Cells and PCL Scaffolds. J. Biomed.
Mater. Res. A 2010, 92, 659–666. [CrossRef] [PubMed]

8. Izquierdo, R.; Garcia-Giralt, N.; Rodriguez, M.T.; Caceres, E.; Garcia, S.J.; Gomez, R.J.; Monleon, M.;
Monllau, J.C.; Suay, J. Biodegradable PCL Scaffolds with an Interconnected Spherical Pore Network for
Tissue Engineering. J. Biomed. Mater. Res. A 2008, 85, 25–35. [CrossRef] [PubMed]

9. Li, W.J.; Tuli, R.; Okafor, C.; Derfoul, A.; Danielson, K.G.; Hall, D.J.; Tuan, R.S. A Three-Dimensional
Nanofibrous Scaffold for Cartilage Tissue Engineering Using Human Mesenchymal Stem Cells. Biomaterials
2005, 26, 599–609. [CrossRef] [PubMed]

10. Ji, W.; Sun, Y.; Yang, F.; van den Beucken, J.J.; Fan, M.; Chen, Z.; Jansen, J.A. Bioactive Electrospun Scaffolds
Delivering Growth Factors and Genes for Tissue Engineering Applications. Pharm. Res. 2011, 28, 1259–1272.
[CrossRef] [PubMed]

11. Luong-Van, E.; Grondahl, L.; Chua, K.N.; Leong, K.W.; Nurcombe, V.; Cool, S.M. Controlled Release of
Heparin from Poly (Epsilon-Caprolactone) Electrospun Fibers. Biomaterials 2006, 27, 2042–2050. [CrossRef]
[PubMed]

12. Sarasam, A.; Madihally, S.V. Characterization of Chitosan-Polycaprolactone Blends for Tissue Engineering
Applications. Biomaterials 2005, 26, 5500–5508. [CrossRef] [PubMed]

13. Jo, S.; Kang, S.M.; Park, S.A.; Kim, W.D.; Kwak, J.; Lee, H. Enhanced Adhesion of Preosteoblasts inside
3D PCL Scaffolds by Polydopamine Coating and Mineralization. Macromol. Biosci. 2013, 13, 1389–1395.
[CrossRef] [PubMed]

14. Yao, Q.; Wei, B.; Liu, N.; Li, C.; Guo, Y.; Shamie, A.N.; Chen, J.; Tang, C.; Jin, C.; Xu, Y.; et al. Chondrogenic
Regeneration Using Bone Marrow Clots and a Porous Polycaprolactone-Hydroxyapatite Scaffold by
Three-Dimensional Printing. Tissue Eng. Part A 2015, 21, 1388–1397. [CrossRef] [PubMed]

15. Kang, S.W.; Bae, J.H.; Park, S.A.; Kim, W.D.; Park, M.S.; Ko, Y.J.; Jang, H.S.; Park, J.H. Combination Therapy
with BMP-2 and BMSCs Enhances Bone Healing Efficacy of PCL Scaffold Fabricated Using the 3D Plotting
System in a Large Segmental Defect Model. Biotechnol. Lett. 2012, 34, 1375–1384. [CrossRef] [PubMed]

16. Reed, G.L. Platelet Secretory Mechanisms. Semin. Thromb. Hemost. 2004, 30, 441–450. [CrossRef] [PubMed]
17. Alsousou, J.; Thompson, M.; Hulley, P.; Noble, A.; Willett, K. The Biology of Platelet-Rich Plasma and its

Application in Trauma and Orthopaedic Surgery: A Review of the Literature. J. Bone Jt. Surg. Br. 2009, 91,
987–996. [CrossRef] [PubMed]

18. Eppley, B.L.; Woodell, J.E.; Higgins, J. Platelet Quantification and Growth Factor Analysis from Platelet-Rich
Plasma: Implications for Wound Healing. Plast. Reconstr. Surg. 2004, 114, 1502–1508. [CrossRef] [PubMed]

19. Son, S.R.; Sarkar, S.K.; Nguyen-Thuy, B.L.; Padalhin, A.R.; Kim, B.R.; Jung, H.I.; Lee, B.T. Platelet-Rich Plasma
Encapsulation in Hyaluronic acid/gelatin-BCP Hydrogel for Growth Factor Delivery in BCP Sponge Scaffold
for Bone Regeneration. J. Biomater. Appl. 2015, 29, 988–1002. [CrossRef] [PubMed]

http://dx.doi.org/10.1243/09544119JEIM770
http://www.ncbi.nlm.nih.gov/pubmed/21287823
http://dx.doi.org/10.22203/eCM.v005a03
http://dx.doi.org/10.1016/j.biomaterials.2010.01.145
http://www.ncbi.nlm.nih.gov/pubmed/20219243
http://dx.doi.org/10.1016/j.biomaterials.2009.09.041
http://www.ncbi.nlm.nih.gov/pubmed/19818489
http://dx.doi.org/10.1016/S0142-9612(00)00121-6
http://dx.doi.org/10.1016/j.actbio.2008.02.029
http://www.ncbi.nlm.nih.gov/pubmed/18434267
http://dx.doi.org/10.1002/jbm.a.32414
http://www.ncbi.nlm.nih.gov/pubmed/19235210
http://dx.doi.org/10.1002/jbm.a.31396
http://www.ncbi.nlm.nih.gov/pubmed/17688257
http://dx.doi.org/10.1016/j.biomaterials.2004.03.005
http://www.ncbi.nlm.nih.gov/pubmed/15282138
http://dx.doi.org/10.1007/s11095-010-0320-6
http://www.ncbi.nlm.nih.gov/pubmed/21088985
http://dx.doi.org/10.1016/j.biomaterials.2005.10.028
http://www.ncbi.nlm.nih.gov/pubmed/16305806
http://dx.doi.org/10.1016/j.biomaterials.2005.01.071
http://www.ncbi.nlm.nih.gov/pubmed/15860206
http://dx.doi.org/10.1002/mabi.201300203
http://www.ncbi.nlm.nih.gov/pubmed/23861256
http://dx.doi.org/10.1089/ten.tea.2014.0280
http://www.ncbi.nlm.nih.gov/pubmed/25530453
http://dx.doi.org/10.1007/s10529-012-0900-0
http://www.ncbi.nlm.nih.gov/pubmed/22447098
http://dx.doi.org/10.1055/s-2004-833479
http://www.ncbi.nlm.nih.gov/pubmed/15354265
http://dx.doi.org/10.1302/0301-620X.91B8.22546
http://www.ncbi.nlm.nih.gov/pubmed/19651823
http://dx.doi.org/10.1097/01.PRS.0000138251.07040.51
http://www.ncbi.nlm.nih.gov/pubmed/15509939
http://dx.doi.org/10.1177/0885328214551373
http://www.ncbi.nlm.nih.gov/pubmed/25234121


Materials 2017, 10, 831 15 of 16

20. Rai, B.; Oest, M.E.; Dupont, K.M.; Ho, K.H.; Teoh, S.H.; Guldberg, R.E. Combination of Platelet-Rich Plasma
with Polycaprolactone-Tricalcium Phosphate Scaffolds for Segmental Bone Defect Repair. J. Biomed. Mater.
Res. A 2007, 81, 888–899. [CrossRef] [PubMed]

21. Agarwal, P.; Chatterjee, A.; Gokhale, S.; Singh, H.P.; Kandwal, A. Evaluation of Platelet-Rich Plasma Alone
Or in Combination with Demineralized Freeze Dried Bone Allograft in Treatment of Periodontal Infrabony
Defects: A Comparative Clinical Trial. J. Indian Soc. Periodontol. 2016, 20, 42–47. [CrossRef] [PubMed]

22. Horimizu, M.; Kawase, T.; Nakajima, Y.; Okuda, K.; Nagata, M.; Wolff, L.F.; Yoshie, H. An Improved
Freeze-Dried PRP-coated Biodegradable Material Suitable for Connective Tissue Regenerative Therapy.
Cryobiology 2013, 66, 223–232. [CrossRef] [PubMed]

23. Tayalia, P.; Mooney, D.J. Controlled Growth Factor Delivery for Tissue Engineering. Adv. Mater. 2009, 21,
3269–3285. [CrossRef] [PubMed]

24. Marx, R.E. Platelet-Rich Plasma: Evidence to Support its Use. J. Oral Maxil. Surg. 2004, 62, 489–496. [CrossRef]
25. Yamamiya, K.; Okuda, K.; Kawase, T.; Hata, K.; Wolff, L.F.; Yoshie, H. Tissue-Engineered Cultured Periosteum

Used with Platelet-Rich Plasma and Hydroxyapatite in Treating Human Osseous Defects. J. Periodontol. 2008,
79, 811–818. [CrossRef] [PubMed]

26. Okuda, K.; Yamamiya, K.; Kawase, T.; Mizuno, H.; Ueda, M.; Yoshie, H. Treatment of Human Infrabony
Periodontal Defects by Grafting Human Cultured Periosteum Sheets Combined with Platelet-Rich Plasma
and Porous Hydroxyapatite Granules: Case Series. J. Int. Acad. Periodontol. 2009, 11, 206–213. [PubMed]

27. Betsch, M.; Schneppendahl, J.; Thuns, S.; Herten, M.; Sager, M.; Jungbluth, P.; Hakimi, M.; Wild, M.
Bone Marrow Aspiration Concentrate and Platelet Rich Plasma for Osteochondral Repair in a Porcine
Osteochondral Defect Model. PLoS ONE 2013, 8, e71602. [CrossRef] [PubMed]

28. Diaz-Gomez, L.; Alvarez-Lorenzo, C.; Concheiro, A.; Silva, M.; Dominguez, F.; Sheikh, F.A.; Cantu, T.;
Desai, R.; Garcia, V.L.; Macossay, J. Biodegradable Electrospun Nanofibers Coated with Platelet-Rich Plasma
for Cell Adhesion and Proliferation. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 40, 180–188. [CrossRef] [PubMed]

29. Zhong, D.; Wang, C.G.; Yin, K.; Liao, Q.; Zhou, X.; Liu, A.S.; Kong, L.Y. In Vivo Ossification of a Scaffold
Combining Beta-Tricalcium Phosphate and Platelet-Rich Plasma. Exp. Ther. Med. 2014, 8, 1381–1388. [PubMed]

30. Kumar, K.R.; Genmorgan, K.; Abdul, R.S.; Rajan, M.A.; Kumar, T.A.; Prasad, V.S. Role of Plasma-Rich Fibrin
in Oral Surgery. J. Pharm. Bioallied Sci. 2016, 8, S36–S38. [PubMed]

31. Hamzacebi, B.; Oduncuoglu, B.; Alaaddinoglu, E.E. Treatment of Peri-Implant Bone Defects with
Platelet-Rich Fibrin. Int. J. Periodontics Restor. Dent. 2015, 35, 415–422. [CrossRef] [PubMed]

32. Nakajima, Y.; Kawase, T.; Kobayashi, M.; Okuda, K.; Wolff, L.F.; Yoshie, H. Bioactivity of Freeze-Dried
Platelet-Rich Plasma in an Adsorbed Form On a Biodegradable Polymer Material. Platelets 2012, 23, 594–603.
[CrossRef] [PubMed]

33. Chamieh, F.; Collignon, A.M.; Coyac, B.R.; Lesieur, J.; Ribes, S.; Sadoine, J.; Llorens, A.; Nicoletti, A.;
Letourneur, D.; Colombier, M.L.; et al. Accelerated Craniofacial Bone Regeneration through Dense Collagen
Gel Scaffolds Seeded with Dental Pulp Stem Cells. Sci. Rep. 2016, 6, 38814. [CrossRef] [PubMed]

34. Wang, J.; Wei, X.; Ling, J.; Huang, Y.; Gong, Q.; Huo, Y. Identification and Characterization of Side Population
Cells from Adult Human Dental Pulp after Ischemic Culture. J. Endod. 2012, 38, 1489–1497. [CrossRef]
[PubMed]

35. Wang, J.; Wei, X.; Ling, J.; Huang, Y.; Gong, Q. Side Population Increase After Simulated Transient Ischemia
in Human Dental Pulp Cell. J. Endod. 2010, 36, 453–458. [CrossRef] [PubMed]

36. Jensen, J.; Kraft, D.C.; Lysdahl, H.; Foldager, C.B.; Chen, M.; Kristiansen, A.A.; Rolfing, J.H.; Bunger, C.E.
Functionalization of Polycaprolactone Scaffolds with Hyaluronic Acid and beta-TCP Facilitates Migration
and Osteogenic Differentiation of Human Dental Pulp Stem Cells in Vitro. Tissue Eng. Part A 2015, 21,
729–739. [CrossRef] [PubMed]

37. Kraft, D.C.; Bindslev, D.A.; Melsen, B.; Abdallah, B.M.; Kassem, M.; Klein-Nulend, J. Mechanosensitivity of
Dental Pulp Stem Cells is Related to their Osteogenic Maturity. Eur. J. Oral Sci. 2010, 118, 29–38. [CrossRef]
[PubMed]

38. Jensen, J.; Tvedesoe, C.; Rolfing, J.H.; Foldager, C.B.; Lysdahl, H.; Kraft, D.C.; Chen, M.; Baas, J.;
Le, D.Q.; Bunger, C.E. Dental Pulp-Derived Stromal Cells Exhibit a Higher Osteogenic Potency than Bone
Marrow-Derived Stromal Cells in Vitro and in a Porcine Critical-Size Bone Defect Model. SICOT J. 2016, 2,
16. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/jbm.a.31142
http://www.ncbi.nlm.nih.gov/pubmed/17236215
http://dx.doi.org/10.4103/0972-124X.170811
http://www.ncbi.nlm.nih.gov/pubmed/27041837
http://dx.doi.org/10.1016/j.cryobiol.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23422785
http://dx.doi.org/10.1002/adma.200900241
http://www.ncbi.nlm.nih.gov/pubmed/20882497
http://dx.doi.org/10.1016/j.joms.2003.12.003
http://dx.doi.org/10.1902/jop.2008.070518
http://www.ncbi.nlm.nih.gov/pubmed/18454659
http://www.ncbi.nlm.nih.gov/pubmed/19753798
http://dx.doi.org/10.1371/journal.pone.0071602
http://www.ncbi.nlm.nih.gov/pubmed/23951201
http://dx.doi.org/10.1016/j.msec.2014.03.065
http://www.ncbi.nlm.nih.gov/pubmed/24857481
http://www.ncbi.nlm.nih.gov/pubmed/25289027
http://www.ncbi.nlm.nih.gov/pubmed/27829743
http://dx.doi.org/10.11607/prd.1861
http://www.ncbi.nlm.nih.gov/pubmed/25909530
http://dx.doi.org/10.3109/09537104.2011.645923
http://www.ncbi.nlm.nih.gov/pubmed/22273512
http://dx.doi.org/10.1038/srep38814
http://www.ncbi.nlm.nih.gov/pubmed/27934940
http://dx.doi.org/10.1016/j.joen.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/23063223
http://dx.doi.org/10.1016/j.joen.2009.11.018
http://www.ncbi.nlm.nih.gov/pubmed/20171362
http://dx.doi.org/10.1089/ten.tea.2014.0177
http://www.ncbi.nlm.nih.gov/pubmed/25252795
http://dx.doi.org/10.1111/j.1600-0722.2009.00709.x
http://www.ncbi.nlm.nih.gov/pubmed/20156262
http://dx.doi.org/10.1051/sicotj/2016004
http://www.ncbi.nlm.nih.gov/pubmed/27163105


Materials 2017, 10, 831 16 of 16

39. D’Aquino, R.; De Rosa, A.; Lanza, V.; Tirino, V.; Laino, L.; Graziano, A.; Desiderio, V.; Laino, G.; Papaccio, G.
Human Mandible Bone Defect Repair by the Grafting of Dental Pulp Stem/Progenitor Cells and Collagen
Sponge Biocomplexes. Eur. Cells Mater. 2009, 18, 75–83. [CrossRef]

40. Rentsch, C.; Rentsch, B.; Heinemann, S.; Bernhardt, R.; Bischoff, B.; Forster, Y.; Scharnweber, D.; Rammelt, S.
ECM Inspired Coating of Embroidered 3D Scaffolds Enhances Calvaria Bone Regeneration. Biomed. Res. Int.
2014, 2014, 217078. [CrossRef] [PubMed]

41. Qutachi, O.; Vetsch, J.R.; Gill, D.; Cox, H.; Scurr, D.J.; Hofmann, S.; Muller, R.; Quirk, R.A.; Shakesheff, K.M.;
Rahman, C.V. Injectable and Porous PLGA Microspheres that Form Highly Porous Scaffolds at Body
Temperature. Acta Biomater. 2014, 10, 5090–5098. [CrossRef] [PubMed]

42. Pati, F.; Song, T.H.; Rijal, G.; Jang, J.; Kim, S.W.; Cho, D.W. Ornamenting 3D Printed Scaffolds with Cell-Laid
Extracellular Matrix for Bone Tissue Regeneration. Biomaterials 2015, 37, 230–241. [CrossRef] [PubMed]

43. Yoon, H.; Kim, G.H.; Koh, Y.H. A Micro-Scale Surface-Structured PCL Scaffold Fabricated by a 3D Plotter
and a Chemical Blowing Agent. J. Biomater. Sci. Polym. Ed. 2010, 21, 159–170. [CrossRef] [PubMed]

44. Tarafder, S.; Koch, A.; Jun, Y.; Chou, C.; Awadallah, M.R.; Lee, C.H. Micro-Precise Spatiotemporal Delivery
System Embedded in 3D Printing for Complex Tissue Regeneration. Biofabrication 2016, 8, 025003. [CrossRef]
[PubMed]

45. Jang, C.H.; Cho, Y.B.; Choi, C.H.; Jang, Y.S.; Jung, W.; Lee, H.; Kim, G.H. Effect of Umbilical Cord Serum
Coated 3D PCL/alginate Scaffold for Mastoid Obliteration. Int. J. Pediatr. Otorhinolaryngol. 2014, 78,
1061–1065. [CrossRef] [PubMed]

46. Nyberg, E.; Rindone, A.; Dorafshar, A.; Grayson, W.L. Comparison of 3D-Printed Poly-Epsilon-Caprolactone
Scaffolds Functionalized with Tricalcium Phosphate, Hydroxyapatite, Bio-Oss, or Decellularized Bone Matrix.
Tissue Eng. Part A 2016, 23, 503–514. [CrossRef] [PubMed]

47. Ho, C.M.; Mishra, A.; Lin, P.T.; Ng, S.H.; Yeong, W.Y.; Kim, Y.J.; Yoon, Y.J. 3D Printed Polycaprolactone
Carbon Nanotube Composite Scaffolds for Cardiac Tissue Engineering. Macromol. Biosci. 2016, 17. [CrossRef]
[PubMed]

48. Rampichova, M.; Chvojka, J.; Buzgo, M.; Prosecka, E.; Mikes, P.; Vyslouzilova, L.; Tvrdik, D.; Kochova, P.;
Gregor, T.; Lukas, D.; et al. Elastic Three-Dimensional Poly (Epsilon-Caprolactone) Nanofibre Scaffold
Enhances Migration, Proliferation and Osteogenic Differentiation of Mesenchymal Stem Cells. Cell Prolif.
2013, 46, 23–37. [CrossRef] [PubMed]

49. Temple, J.P.; Hutton, D.L.; Hung, B.P.; Huri, P.Y.; Cook, C.A.; Kondragunta, R.; Jia, X.; Grayson, W.L.
Engineering Anatomically Shaped Vascularized Bone Grafts with hASCs and 3D-printed PCL Scaffolds.
J. Biomed. Mater. Res. A 2014, 102, 4317–4325. [CrossRef] [PubMed]

50. Sadiasa, A.; Thi, H.N.; Lee, B. In Vitro and in Vivo Evaluation of Porous PCL-PLLA 3D Polymer Scaffolds
Fabricated via Salt Leaching Method for Bone Tissue Engineering Applications. J. Biomater. Sci. Polym. Ed.
2014, 25, 150–167. [CrossRef] [PubMed]

51. Castro, N.J.; O’Brien, J.; Zhang, L.G. Integrating Biologically Inspired Nanomaterials and Table-Top
Stereolithography for 3D Printed Biomimetic Osteochondral Scaffolds. Nanoscale 2015, 7, 14010–14022.
[CrossRef] [PubMed]

52. Sell, S.A.; Wolfe, P.S.; Ericksen, J.J.; Simpson, D.G.; Bowlin, G.L. Incorporating Platelet-Rich Plasma Into
Electrospun Scaffolds for Tissue Engineering Applications. Tissue Eng. Part A 2011, 17, 2723–2737. [CrossRef]
[PubMed]

53. Pietramaggiori, G.; Kaipainen, A.; Czeczuga, J.M.; Wagner, C.T.; Orgill, D.P. Freeze-Dried Platelet-Rich
Plasma Shows Beneficial Healing Properties in Chronic Wounds. Wound Repair Regen. 2006, 14, 573–580.
[CrossRef] [PubMed]

54. Pan, L.; Yong, Z.; Yuk, K.S.; Hoon, K.Y.; Yuedong, S.; Xu, J. Growth Factor Release from Lyophilized Porcine
Platelet-Rich Plasma: Quantitative Analysis and Implications for Clinical Applications. Aesthetic Plast. Surg.
2016, 40, 157–163. [CrossRef] [PubMed]

55. Nakatani, Y.; Agata, H.; Sumita, Y.; Koga, T.; Asahina, I. Efficacy of Freeze-Dried Platelet-Rich Plasma in
Bone Engineering. Arch. Oral Biol. 2017, 73, 172–178. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.22203/eCM.v018a07
http://dx.doi.org/10.1155/2014/217078
http://www.ncbi.nlm.nih.gov/pubmed/25013767
http://dx.doi.org/10.1016/j.actbio.2014.08.015
http://www.ncbi.nlm.nih.gov/pubmed/25152354
http://dx.doi.org/10.1016/j.biomaterials.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25453953
http://dx.doi.org/10.1163/156856209X410292
http://www.ncbi.nlm.nih.gov/pubmed/20092682
http://dx.doi.org/10.1088/1758-5090/8/2/025003
http://www.ncbi.nlm.nih.gov/pubmed/27108484
http://dx.doi.org/10.1016/j.ijporl.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24788192
http://dx.doi.org/10.1089/ten.tea.2016.0418
http://www.ncbi.nlm.nih.gov/pubmed/28027692
http://dx.doi.org/10.1002/mabi.201600250
http://www.ncbi.nlm.nih.gov/pubmed/27892655
http://dx.doi.org/10.1111/cpr.12001
http://www.ncbi.nlm.nih.gov/pubmed/23216517
http://dx.doi.org/10.1002/jbm.a.35107
http://www.ncbi.nlm.nih.gov/pubmed/24510413
http://dx.doi.org/10.1080/09205063.2013.846633
http://www.ncbi.nlm.nih.gov/pubmed/24138179
http://dx.doi.org/10.1039/C5NR03425F
http://www.ncbi.nlm.nih.gov/pubmed/26234364
http://dx.doi.org/10.1089/ten.tea.2010.0663
http://www.ncbi.nlm.nih.gov/pubmed/21679135
http://dx.doi.org/10.1111/j.1743-6109.2006.00164.x
http://www.ncbi.nlm.nih.gov/pubmed/17014669
http://dx.doi.org/10.1007/s00266-015-0580-y
http://www.ncbi.nlm.nih.gov/pubmed/26516079
http://dx.doi.org/10.1016/j.archoralbio.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27771585
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Printing of 3D Scaffolds and Surface Treatment 
	Preparation of Platelet-Rich Plasma 
	Coating Scaffolds with PRP 
	Cell Culture 
	In Vitro Experiments 
	Scaffold Characterization 
	Cell Attachment 
	Cell Migration 
	Cell Proliferation 
	Alkaline Phosphatase (ALP) Activity Assay 
	RNA Isolation and Analysis by Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

	In Vivo Bone Regeneration 
	Surgery Procedures 
	Harvesting of Samples 
	Micro-CT Analysis 
	Histological Staining 
	Statistical Analysis 


	Results 
	Characterization of 3D-Printed PCL Scaffolds after Surface Treatment 
	Characterization of 3D-Printed PRP-PCL Scaffolds 
	Effect of the PRP-PCL Scaffold on Cell Attachment 
	Effect of the PRP-PCL Scaffold on Cell Migration 
	Effect of the PRP-PCL Scaffold on Cell Proliferation 
	ALP Activity Assay 
	Differentiation of DPSCs: RT-PCR 
	Micro-CT Analysis of the Critical-Size Calvarial Bone Defect in Rats 
	Histological Analysis Using H&E Staining 

	Discussion 
	Conclusions 

